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r''  ' is  written  according  to  approximately  the  same  plan  as  my  book  5 : a:  ter 

:r  • , * published  in  1938. 

The  first  part  of  the  book  gives  general  information  on  the  physical-chemical  properties  of 
sea  water,  the  processes  which  change  the  temperature  and  the  salinity  of  the  ocean,  the  proc- 
esses which  form  the  water  masses,  and  the  interaction  of  ocean  and  atmosphere.  The  first  part 
°f  " ‘ is  considerably  abridged  as  compart'd  with  the  first  part  of  : ;t  : • ■ r : 

, but  at  the  same  time  it  is  supplemented  with  new  data.  Almost  all  examples  are  taken  in 
reference  to  the  Arctic  Basin. 

The  second  part  of  this  book,  devoted  to  ice,  has  been  re-edited  and  supplemented  by  recent 
works,  my  own  and  those  of  other  authors,  particularly  observations  and  investigations  made 
during  the  winter  of  1941-1942  on  the  White  Sea. 


Thus,  this  book  cannot  be  called  a second  edition  of  St  j \ ‘ ■ r v , nor  can  it  be 

called  a textbook,  a scientific  handbook  or  a monograph.  It  presents  my  personal  opinions,  which 
in  a number  of  cases  still  require  verification  and  refinement.  In  this  book  1 have  attempted  to 
treat  a great  number  of  the  problems  I have  encountered,  without  pretending  to  offer  a final 
solution.  In  attempting  to  make  this  book  accessible  to  the  greatest  possible  number  of  people 
assigned  to  the  Arctic,  to  aviators,  sailors  and  researchers,  1 have  presented  all  problems  as 
simply  and  comprehensively  as  possible. 

I realize  t.iat  in  writing  a book  on  arctic  ice,  I have  undertaken  a difficult  and  responsible 
task.  I huve  not  succeeded  in  this  task  as  I would  have  liked,  but  I hope  that  even  in  its  imperfect 
state,  this  book  will  prove  of  some  value  in  the  further  assimilation  of  the  Arctic. 

1 have  tried  to  make  the  most  possible  use  of  existing  literature  and  fear  that  1 might  have 
ascribed  to  m/self  work  done  by  others  or  have  belittled  the  importance  of  their  work.  If  I have 
made  involuntary  errors  in  this  respect,  I sincerely  beg  forgiveness. 

I wish  to  express  by  indebtedness  to  A.  D.  Dobrovol'skii,  L.  A.  Zenkevich,  S.  Ia. 
Mittel'man  and  M.  M.  Somov  for  reviewing  this  book  and  for  their  valuable  suggestions. 
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INTRODUCTION 


"World  Ocean"  Is  the  name  given  the  sea  waters  that  cover  the  earth's  surface  In  a continuous 
sheet.  The  World  Ocean  Is  divided  Into  four  parts:  the  Pacific,  Indian,  Atlantic  and  Arctic 
Oceans.  Everllng  and  I drew  the  boundaries  between  these  oceans  on  the  basis  of  least  depths.  Of 
course,  such  a delineation  Is  more  or  less  arbitrary,  but  we  consider  that  the  depth  of  the  divides, 
l.e.  the  depth  of  the  submarine  elevations  and  ranges  which  separate  the  parts  of  the  ocean,  is  the 
best  Index  of  the  Independence  of  their  hydrologic  regime. 

Following  this  concept,  the  sea  boundaries  between  the  Arctic  and  Atlantic  Oceans  are: 

(1)  the  straits  between  North  America  and  Greenland  (between  Boothia  Peninsula  and 
Greenland  at  82°  north); 

(2)  the  straits  between  Greenland,  Iceland  and  Scandinavia. 

The  sea  boundary  between  the  Arctic  and  Pacific  Oceans  is  the  submarine  ridge  lying  some- 
what to  the  north  of  Bering  Strait. 

At  present,  because  of  insufficient  Information,  it  Is  impossible  to  calculate  the  area  cross 
sections  of  the  straits  Joining  the  Arctic  and  Atlantic  Oceans  through  Baffin  Bay.  The  total  area 
cross  section  of  all  the  straits  between  Greenland  and  the  Scandinavian  peninsula  is  about  370 
square  km.  The  area  cross  section  of  Bering  Strait  is  only  about  2. 5 square  km.  Thus,  the 
Arctic  Ocean  communicates  much  more  freely  with  the  Atlantic  Ocean  than  with  the  Pacific.  It  is 
also  very  significant  that  the  maximum  water  depth  above  the  sill  at  Bering  Strait  is  no  more  than 
40  m,  while  it  Is  about  440  m above  the  sill  between  Greenland  and  Scandinavia. 

On  examining  the  bathymetric  charts  of  the  World  Ocean,  it  is  easy  to  see  that  the  submarine 
ranges  aixi  elevations  divide  the  individual  oceans  Into  a number  of  ocean  basins.  Each  of  these 
basins  includes  the  seas  and  gulfs  adjacent  to  It.  Accordingly,  we  have  divided  the  Arctic  Ocean 
into  two  ocean  basins,  the  North  European  and  the  Arctic. 

(1)  The  North  European  Basin  is  situated  between  Greenland,  Spitsbergen,  Franz  Joseph  Land, 
Novaya  Zemlya,  the  north  and  northwest  coasts  of  Europe  from  Yugorskii  Shar  to  Utsire  Island 
(Norway)  off  the  southern  coast  of  Scandinavia,  the  Shetland  and  Faroe  Islands  and  Iceland  and  in- 
cludes the  Greenland  and  Norwegian  Seas  (separated  by  a submarine  fold  stretching  from  Spits- 
bergen through  BjSrnttya  and  Jan  Mayen  to  Iceland),  the  Scandinavian  Fjord  Sea  (separated  from 
the  Norwegian  Sea  by  a multitude  of  islands,  reefs  and  banks  along  the  edge  of  the  Norwegian  fjords), 
the  Barents  and  White  Seas. 

It  is  difficult  to  draw  a physical-geographical  boundary  between  the  North  European  Basin 
and  the  Barents  Sea,  since  the  depths  of  the  Norwegian  Sea  between  Spitsbergen  and  Scandinavia 
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become  the  shallow  depths  of  the  Barents  Sea  gradually,  without  a sill.  The  same  may  be  said  of 
the  strait  between  Franz  Josef  Land  and  Novaya  Zemlya,  which  connects  the  Barents  and  Kara  Seas. 


(2)  The  Arctic  Basin  lies  between  the  northern  coast  of  Asia,  the  eastern  shores  of  Novaya 
Zemlya,  the  northern  shores  of  Franz  Joseph  Land,  Spitsbergen  and  Greenland,  the  western  shores 
of  Ellesmere,  Devon,  Rathurst  and  Prince  of  Wales  Islands  and  the  northern  coast  of  North  America 
from  Boothia  Peninsula  to  Bering  Strait. 

The  sea  boundaries  of  this  basin  are: 

(a)  the  sea  boundary  between  the  Arctic  and  Pacific  Ocea'T  (Bering  Strait); 

(b)  the  sea  boundary  between  the  Arctic  Ocean  and  Baffin  Bay; 

(c)  the  sea  boundary  between  the  Arctic  and  North  European  Basins,  passing  along  the 
submarine  Nansen  Sill  between  Northeast  Cape  (Greenland)  and  Amsterdam  Island  (Spitsbergen), 
further  along  the  northern  edgs  of  Spitsbergen  from  Cape  Leigh-Smith  (Spitsbergen)  across  Kvitoya 
and  Victoria  Island  to  Cape  Mary  Harmsworth  (Franz  Joseph  Land),  then  from  Cape  Kol'zat*  to  Mys 
Zhclaniya  and  further  along  the  eastern  edge  of  Novaya  Zemlya  Straits. 

The  Arctic  Basin  includes  the  Kara,  Laptev,  East  Siberian,  Chuckchee,  Beaufort,  North 
American  Channel**  and  Lincoln  Seas. 

The  total  area  of  the  Arctic  Ocean  (13,100,000  square  km)  is  considerably  less  than  that  of 
the  Indian  (74,917,000  square  km),  Atlantic  (93,363,000  square  km)  and  Pacific  (179,679,000 
square  km)  Oceans. 

The  Arctic  Ocean  has  certain  singular  features;  one  of  the  most  remarkable  of  these  is  the 
unusual  development  of  the  continental  shoal,  especially  off  its  Eurasian  shore. 

While  the  continental  shoal  (depths  0-200  m)  comprises  only  8 per  cent  of  the  area  of  the 
World  Ocean,  it  comprises  more  than  37  per  cent  of  the  area  of  the  Arctic  Ocean.  At  the  meridian 
of  the  White  Sea  Neck  it  embraces  15°  of  latitude;  at  the  meridian  of  Bering  Strait,  if  we  count  the 
continental  shoal  of  the  Chuckchee  and  Bering  Seas,  it  extends  for  18°  of  latitude,  and  is  exception- 
ally shallow. 

The  Arctic  Ocean  also  differs  from  other  oceans  with  respect  to  its  maximum  depth.  While 
the  greatest  depth  of  the  Atlantic  Ocean  is  8,525  m,  the  Indian  7,450  m and  the  Pacific  10,830  m, 
the  greatest  depth  of  the  Arctic  Ocean  probably  does  not  exceed  5, 180  m.  *** 


♦Probably  the  southwest  cape  of  Zemlya  Georga,  Franz  Joseph  Land  - Translator. 

♦♦Evidently  the  area  between  the  Beaufort  and  Lincoln  Seas,  in  Russian  "Severo-Amerikanskoye 
Prolivnoye  More,"  i.e.  North  American  Channel  (strait)  Sea  - Translator. 

♦♦♦The  Wilkins  Expedition  found  a depth  of  5,440  m north  of  Wrangel  Island,  using  an  echo 
sounder.  After  the  measurements  made  by  Libin  and  Cherevichnyi  in  1941,  this  depth  seems 
doubtful.  It  is  more  accurate  to  consider  5, 180  m,  a depth  measured  by  the  Sc  i o during  its  drift 
in  1937  to  40,  to  be  the  greatest  Arctic  Ocean  depth. 


4 


The  entire  area  of  the  Arctic  Basin  together  with  Its  seas  Is  about  8,  800, 000  square  km  ami 
the  White  Sea,  with  an  area  of  ~ 95. 000  square  km  can  be  counted  us  Ice  covered  in  winter.  The  ice 
area  of  the  Barents  Sea  toward  the  end  of  winter  is,  oil  an  average,  ~ 1, 000,  000  square  km.  The  ice 
area  of  the  Greenland  Sea  in  April- May  reaches  900,000  square  km.  The  total  ice  area  for  the 
whole  Arctic  Ocean  in  winter  reaches  10,>:j0,000  square  km. 

By  the  end  of  summer,  an  average  of  1.  500,  000  square  km  of  ice  melts  in  the  Arctic  Basin, 
about  95,000  square  km  in  the  White  Sea,  ami  around  250,  000  square  km  in  the  Barents.  Further, 
over  1,250.000  square  km  of  ice  is  carried  off  annually  from  the  Arctic  Basin  into  the  Greenland 
Sea,  where,  fundamentally,  it  melts.  Thus,  by  the  end  of  the  polar  summer,  the  ice  area  of  die 
Arctic  Ocean  decreases  to  8,000,000  square  km,  due  to  melting. 

About  150,  000  cubic  km  of  warm  and  saline  Atlantic  waters  flow  into  the  Norwegian  Sea 
annually.  According  to  lielland- Hansen's  calculation,  if  these  waters  were  cooled  only  1°,  the  heat 
released  would  be  sufficient  to  raise  the  temperature  of  a 4 km  layer  of  air  over  all  Eur  me  by  10°. 

It  is  not  hard  to  see  that  the  heat  released  by  a 1“  cooling  of  these  150,000  cubic  km  of  water  would 
be  almost  enough  to  melt  all  the  ice  transported  annually  from  the  Arctic  Basin  into  the  Greenland 
Sea. 


The  Atlantic  waters  are  carried  to  the  northern  shores  of  Spitsbergen  ami  the  eastern  shores 
of  Novaya  Zemlya  by  the  surface  current.  Somewhat  to  the  north  of  Spitsbergen  these  waters  sink 
and  continue  as  a deep-water  current. 


According  to  available  observations,  Atlantic  waters  are  found  at  intermediate  depths  every- 
where in  the  deep  parts  of  the  Arctic  Basin,  while  in  some  regions  they  are  found  on  the  eontintv'al 
shoal. 


Atlantic  waters  are  characterized  not  only  by  high  temperature  but  by  high  salinity.  There- 
fore, when  their  temperature  is  high  they  remain  at  the  surface  of  the  ocean.  When  the  tempera- 
ture drops,  they  become  heavier  than  the  lower-lying  waters  and  mix  with  them.  Consequently, 
with  any  drop  in  temperature,  enormous  masses  of  water  are  drawn  into  a heat  exchange  with  the 
atmosphere. 

The  co-existence  of  such  different  streams  as  the  warm  Atlantic  Current  (which  passes  along 
the  western  shores  of  Norway  and  Spitsbergen)  and  the  cold  Greenland  Current  (which  passes  along 
the  eastern  coast  of  Greenland  and  carries  with  it  the  ice  of  the  Arctic  Basin)  in  relatively  close 
proximity  in  the  North  European  Basin  creates  unusually  great  surface-temperature  differences  and 
the  world’s  most  remarkable  thermal  anomalies. 

One  need  only  point  out  that  the  air  temperature  in  January  in  the  eastern  part  of  the  North 
European  Basin  is  20‘  higher  than  is  to  be  expected  at  that  geographic  latitude. 

The  sea  off  the  western  shores  of  Spitsbergen  remains  unfrozen  right  up  to  80°  north.  Ice 
can  always  be  encountered  at  the  southern  edge  of  the  Greenland  Sea  ami  along  the  east  coast  of 
Greenland.  The  influence  of  this  ice  and  the  ice  carried  out  from  Baffin  Bay  is  felt  much  further 
south,  as  far  as  40-50°  north.  Nowhere  else  on  earth  does  one  find  the  simultaneous  existence 
of  such  conditions.  This  causes  strong  atmospheric  perturbations  over  the  North  European  Basin 
and  somewhat  farther  south.  The  Islandle  minimum  with  its  branches  is  located  here;  it  forms  a 
special  center  of  atmospheric  activity.  The  basic  water  masses  of  Uie  Arctic  Ocean  also  form  here, 
as  we  will  see  below;  hence,  this  is  also  a special  center  of  oceanic  activity. 


The  Atlantic  waters  that  enter  the  Arctic  Ocean  are  Important  In  that  they  bring  a tremendous 
amount  of  heat,  thanks  to  which  vast  areas  of  the  Norwegian,  Greenland  and  Barents  Seas  are  ice- 
free  by  the  beginning  of  summer.  During  the  summer,  these  waters  absorb  the  heat  of  solar  radia- 
tion In  amounts  that  considerably  exceed  the  heat  brought  by  these  waters  from  the  Atlantic.  All 
these  tremendous  amounts  of  heat  are  subsequently  released  Into  the  atmosphere,  which,  in  turn, 
transports  them  basically  northward  and  northeastward,  to  the  mainland  and  to  the  arctic  Ice.  Thus, 
In  the  Arctic  Ocean  the  three  media — air,  water  and  Ice — Interact  on  a grandiose  scale. 

The  water-vapor  content  of  the  atmosphere  determines  Its  basic  properties.  Consequently, 
one  might  say  that  in  the  Arctic  Ocean  the  three  phases  of  water— the  gaseous,  liquid  and  solid— 
Interact  on  a grandiose  scale  which  cannot  be  repeated  anywhere  else  on  the  earth. 

The  water  here  constantly  converts  from  one  phase  Into  another,  during  whloh  enormous 
amounts  of  heat  are  released  or  absorbed.  Therefore,  one  cannot  approach  the  study  of  such  an 
Important  feature  of  the  arctic  as  Its  ice,  without  considering  the  interaction  of  the  atmosphere  and 
the  ocean. 


LITERATURE:  71,  77,  143,  153. 


CHAPTER  I 

SOME  PROPERTIES  OF  SEA  WATER 

Section  1.  The  Concept  of  Water  Structure 

Water  has  certain  special  features  which  distinguish  it  from  other  liquids. 

First,  water  is  distinguished  by  its  exceptional  mobility:  mechanical  mobility,  i.e. . move- 
ment and  oscillation,  and  thermal,  i.e.,  conversion  from  one  phase  to  anothor,  in  which  case  the 
transition  vapor-water-ice  (or,  even  bypassing  the  intermediate  phase,  vapor-ice)  and  the  reverse 
are  realized  at  ordinary  earth  temperatures  and  are  accompanied  by  the  generation  or  absorption  of 
an  enormous  quantity  of  heat. 

According  to  the  kinetic  theory  of  thermal  motion,  molecules  move  from  place  to  place  con- 
stantly and  chaotically  (gas  molecules),  or  they  are  in  constant  vibrational  motion  (the  molecules  of 
a solid).  At  low  temperatures,  the  properties  of  the  molecules  of  a liquid  approach  those  of  a 
solid,  while  at  high  temperatures,  they  approach  those  of  gas  molecules.  The  intensity  of  the 
molecular  motion  determines  the  thermal  state  of  the  body 

When  the  temperature  is  Increased,  the  distance  between  the  molecules  Increases,  therefore, 
the  density  of  the  substance  should  decrease  with  a rise  in  temperature,  while  the  thermal  capacity 
should  increase.  Water  is  one  of  the  few  exceptions  in  this  respect.  Pure  water  is  densest  at  a 
temperature  of  approximately  4°;  when  temperature  decreases,  density  decreases  slowly  and  when 
freezing  occurs,  density  decreases  sharply.  Actually  the  density  of  pure  ice  at  0°  is  approximately 
9 percent  less  than  that  of  pure  water  at  the  same  temperature. 

The  thermal  capacity  of  water  is  higher  than  that  of  any  other  substance  on  oarth  except  hy- 
drogen and  liquid  ammonia.  The  thermal  capacity  of  water  gradually  decreases  I >e  ginning  at  0°  and 
continues  till  approximately  30°  and  only  then  begins  to  increase. 

The  latent  heat  of  fusion  of  pure  water  is  greater  than  that  of  any  other  substance  on  oarth  ex- 
cept ammonia. 

The  heat  of  vaporization  of  water  is  considerably  higher  than  that  of  any  other  substance  on 

earth. 


Several  theories  have  been  propounded  to  explain  all  these  and  other  anomalies  of  water.  In 
these  theories  it  has  been  assumed  that  water  is  a mixture  of  vapor,  water  and  ice  molecules, 
which  differ  in  structure  and  density.  The  higher  the  temperature  of  the  water,  the  greater  will  be 
the  vapor-molecule  content;  the  lower  the  temperature,  the  greater  the  Ice-molecule  content.  Ice 
molecules  are  not  as  dense  as  water  molecules. 

If  we  examine  water  as  an  aggregate  of  molecules  that  differ  in  structure  and  density,  we  will 
find  that  two  processes  operate  simultaneously  when  water  cools:  the  first  is  a normal  decrease  in 
volume,  the  second  an  increase  in  volume  due  to  the  formation  of  the  largo,  less  dense  ice 
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molecules.  When  water  Is  cooled  to  4®,  the  first  of  these  processes  Is  the  more  intensive,  with 
further  cooling,  the  second.  The  greatest  density  is  attained  at  4°,  the  equilibrium  point  of  the  two 
processes.  During  ice  formation  the  number  of  ice  molecules  increases  sharply,  which  involves  a 
sharp  decrease  in  density. 

With  a rise  in  temperature,  the  heat  acquired  from  without  is  expended  i)  on  increasing  the 
kinetic  energy'  of  motion  and  increasing  the  potential  energy  (by  separation  of  the  molecules)  and  2) 
on  decreasing  the  number  of  ice  molecules.  The  higher  the  temperature,  the  smaller  the  influence 
of  the  second  process  and  thermal  capacity  will  decrease.  The  usual  increase  in  thermal  capacity 
begins  to  appear  when  the  temperature  rises  above  30®. 

Thus,  the  transformation  of  molecules  of  one  structure  into  molecules  of  another  structure 
which  takes  place  with  every  change  in  temperature  (requiring  an  additional  expenditure  of  energy) 
explains  the  high  thermal  capacity,  heat  of  fusion  and  heat  of  vaporization  of  water. 

LITERATURE:  62,  132. 

Section  2.  The  Composition  of  Sea  Water 

One  of  the  most  remarkable  properties  of  water  is  its  capacity  to  dissolve  all  kinds  of  sub- 
stances; no  other  liquid  can  compare  with  it  in  this  respect.  Strictly  speaking,  there  are  no  sub- 
stances in  nature  that  are  completely  insoluble  in  water.  Water  itself,  however,  does  not  enter 
easily  into  chemical  compounds,  in  the  literal  sense  of  the  word. 

Sea  water  is  a dilute  solution  (not  more  than  4 per  cent  by  weight  of  solid  substances  are  dis- 
solved in  it).  Evidently,  all  known  elements  are  found  in  sea  water;  if  some  elements  have  not  as 
yet  lieen  found  in  sea  water,  the  inadequacy  of  measuring  methods  is  at  fault  rather  than  the  actual 
absence  of  the  elements . 

The  main  elements  comprising  sea  water  are  (in  order  of  weight):  chlorine,  sodium,  mag- 
nesium, sulfur,  calcium  and  potassium.  Besides  solid  substances,  water  contains  dissolved  guses: 
oxygen,  nitrogen,  carbon  dioxide  (and  in  some  stagnant  zones,  hydrogen  sulfide  as  well).  Further- 
more, the  presence  of  inert  gases  in  sea  water  has  also  been  established  qualitatively. 

Some  organic  matter,  of  oceanic  origin  and  from  shore  run-off,  is  also  dissolved  in  sea 
water.  Finally,  sett  water  contains  some  slime  and  suspended  matter  of  organic  and  inorganic  ori- 
gin, which  give  sea  water  the  properties  of  colloidal  solutions. 

There  are  physical -chemical,  biological  and  geological  processes  going  on  continually  in  sea 
water,  causing  a change  in  its  total  salt  content  (concentration)  and  in  the  ratios  between  the  dis- 
solved substances.  These  processes  may  be  divided  into  two  groups  according  to  their  effect: 

processes  which  change,  chiefly,  the  total  concentration  of  the  solution;  this  group  includes: 
the  Influx  of  shore  waters,  evaporation,  precipitation,  formation  and  melting  of  sea  Ice; 

processes  which  change  the  contont  of  the  gases  tint)  individual  solid  matter  in  sea  water  and 
the  ratios  lietween  them;  to  this  group  belong:  the  vital  activities  of  marine  organisms,  the  forma- 
tion and  disintegration  of  bottom  deposits. 

Changes  in  the  total  concentration  of  sea-water  solution  in  the  individual  parts  of  the  ocean 
may  lie  very  great  and  can  easily  lie  revealed  by  the  simplest  observations,  e.g.  , by  density 


measurements . As  regards  the  processes  of  the  second  group,  the  relative  changes  caused  by  them 
are  also  great,  but  they  affect  substances  which,  for  the  most  part,  are  in  minimum  quantities  in 
the  sea  water  and  therefore  such  changes  have  practically  no  perceptible  effect  on  the  physical 
properties  of  sea  water. 

This  gave  rise  to  the  very  convenient  concept  that  the  salt  composition  of  ocean  waters  is  con- 
stant, by  which  we  understand  the  following:  the  total  concentration  of  the  dissolved  solid  sub- 
stances in  the  ocean,  depending  on  local  conditions,  varies  from  0-4  per  cent  by  weight  of  the  dis- 
solved matter;  the  amount  of  gases  dissolved  in  sea  water  and  also  the  content  of  the  other  elements 
found  in  insignificant  amounts  in  sea  water  may  also  vary  considerably,  but  the  ratios  between  the 
main  ions  which  determine  the  physical  properties  of  sea  water  remain  basically  constant  in  both 
time  and  space. 

LITERATURE:  62,  153. 


Section  3.  Salinity 

The  salinity  of  sea  water  is  characteristic  of  the  concentration  of  solid  matter  dissolved  in 
sea  water.  By  salinity  we  mean  the  total  weight  in  grams  of  all  salts  per  1000  g of  sea  water. 
Thus,  salinity  is  the  concentration  of  the  solution,  expressed  in  tenths  of  a per  cent  (pro  mille). 

The  study  of  many  samples  of  sea  water  (differing  considerably  in  salinity  and  collected  in 
different  parts  of  the  World  Ocean)  conducted  by  a number  of  specialists  under  the  direction  of 
Knudsen.  showed  quite  clearly  that  the  salt  composition  of  ocean  wators  is  constant,  at  least  with 
regard  to  the  main  elements.  Thus,  wo  may  conclude  that  the  ocean  waters  of  various  regions, 
with  the  same  pressure  and  temperature,  differ  only  in  the  total  concentration  of  their  dissolved 
salts. 


After  it  had  been  established  and  verified  that  the  ratios  between  the  main  elements  of  sea 
water  are  constant,  the  total  salinity  of  a given  water  could  be  found  by  simple  conversion,  once  the 
content  of  one  of  the  main  elements  had  been  determined. 

Chlorine  was  chosen  as  this  determining  element,  due  to  its  high  percentage  content  in  sea 
water  and  the  ease  with  which  it  can  be  determined  accurately  by  chemical  methods.  Knudsen, 
Forch  and  Sorensen  derived  the  following  empirical  formula  from  their  investigations: 

5 0.  030  + 1.8050  Cl 

where  5 is  salinity  in  pro  millos,  i.e. . the  total  weight  of  salts  in  grams  per  1000  g of  sea  water; 
Cl  is  the  chlorine  content  in  pro  milles.  i.e. . the  weight  of  chlorine  in  grams  per  1000  g of  sea 
water.  (By  chlorine  here,  we  mean  the  number  of  grams  of  chlorine  equivalent  to  the  total  amount 
of  halogens,  i.e.  . of  chlorine,  bromine  and  iodino  in  1000  g of  sea  water.) 

Of  course,  if  we  consider  the  salt  composition  of  sea  water  to  be  constant  we  get  not  only  a 
constant  relationship  Ijetween  the  chlorine  content  and  salinity,  but  also  constant  relationships  be- 
tween the  chlorine  content  and  the  other  main  elements  of  sea  water. 

Examining  the  salinity  formula,  we  see  that  under  the  condition  that  the  chlorine  content  is 
zero,  salinity  will  still  be  0.  03.  This  is  to  lie  explained  by  the  fact  that,  oven  though  the  chlorine 
content  around  river  mouths  may  lx?  zero,  the  total  salinity  will  be  determined  from  the  calcium 
salts  contained  in  the  river  water. 


Thus,  the  chlorine  content  is  a directly  determinable  quantity,  while  salinity  is  a quantity  ob- 
tained by  multiplying  the  chlorine  content  by  some  standard  coefficient. 

In  oceanography,  we  must  deal  not  only  with  the  chlorine  content  or  the  salinity,  but  also  with 
densities,  which  depend  on  them  and  on  temperature.  The  physical  methods  of  determining  density 
are  either  inaccurate  or  too  complex,  while  the  chemical  determination  of  chlorine  content  is  very 
simple  and  does  not  require  special  knowledge  of  chemistry.  Assuming  that  the  salt  content  of  sea 
water  is  constant,  it  is  not  difficult  to  determine  both  density  and  specific  volume  from  the  chlorine 
content. 


In  oceanographic  research,  we  study,  chiefly,  the  differences  in  the  salinity  and  density  of 
sea  waters  both  in  time  and  in  space,  not  their  absolute  values.  Therefore,  we  are  not  so  much 
concerned  with  how  accurately  we  determine  salinity  and  density  by  the  chlorine  content,  as  how 
accurately  we  determine  their  differences.  Hence,  we  can  assume  not  only  that  the  salt  composi- 
tion of  ocean  waters  is  constant,  but  that  the  salt  composition  of  the  waters  within  each  separate 
ocean  basin  is  constant,  although  it  may  differ  from  that  of  the  ocean  waters.  Consequently, 
Knudsen's  formula  and  the  relationships  stemming  from  it  can  be  used  in  investigating  the  dynamics 
of  sea  wateiynot  only  for  the  ocean,  but  also  for  most  of  the  enclosed  seas. 

LITERATURE:  62,  73,  157. 


Section  4.  Specific  Gravity,  Density  and  Specific  Volume 

The  density  of  sea  water  at  constant  pressure  is  a function  of  both  salinity  and  temperature. 
At  the  same  temperature,  it  is  exclusively  a function  of  salinity  and  in  oceanography  is  called  spe- 
cific gravity.  In  practice,  specific  gravity  is  expressed  in  two  ways: 


1.  the  specific  gravity  of  sea  water  at  0°  relative  to  distilled  water  at  4° 

2.  specific  gravity  of  sea  water  at  17.  5°  relative  to  distilled  water  at  the  same  temperature 


In  oceanography,  density  and  specific  gravity  differ  in  that  temperature  is  taken  into  consid- 
eration in  the  case  of  density.  In  other  words,  density  is  the  specific  gravity  of  sea  water  at  a 
given  temperature  (t)  relative  to  distilled  water  at  4° 

Since  the  density  of  sea  water  varies  within  small  limits,  Knudsen  introduced  the  following 
notations  to  limit  the  number  of  signs: 


a - (s  — - lj  1,000  is  the  natural  specific  gravity  at  0°, 
p = (s  - \\  1,000  is  the  natural  specific  gravity  at  17.5' 
<7t  = |s--  l)  l>  000  is  the  natural  density. 


The  magnitudes  5,  Cl  . a and  p^  s are  different  expressions  of  the  same  amount  of  chlo- 
rides or  chlorine  content.  Therefore,  having  determined  one  of  these  four  values,  the  other  mag- 
nitudes are  determined  in  the  process. 
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The  relationship  between  the  natural  density  and  the  natural  specific  gravity  at  0°  is  deter- 
mined by  formula 


at  = °o  + D, 


where  D is  the  correction  for  temperature  and  salinity . 

All  these  values  can  be  found  from  Knudsen's  Hydrographic  Tables,  which  are  fundamental 
for  any  kind  of  oceanographic  work. 

The  specific  volume  is  a value  the  reciprocal  of  density,  i.e. 


t 1 


while  I call 

v,  = (ot-i_  0.9  j 1,000 

the  natural  specific  volume,  in  analogy  with  natural  density. 

Due  to  the  anomalous  properties  of  water,  the  relationships  between  density  and  specific  vol- 
ume and  salinity  and  temperature  are  expressed  by  very  complex  formulas  which  make  it  difficult 
to  find  these  values  without  using  detailed  tables.  Therefore,  for  any  kind  of  derivations  and  com- 
putations usually  the  TS  diagrams  developed  by  Helland-Hansen  for  oceanographic  work  are  used; 
these  diagrams  can  be  constructed  easily  for  hoth  density  and  specific  volume. 

The  TS  diagram  of  specific  volume  for  salinities  of  3.  0-7.5  o/oo  and  for  temperature  from 
-2°  to  +10°  are  given  in  the  upper  part  of  figure  1;  the  lower  part  shows  the  specific  volume  for 
salinities  from  31-35.5  o/oo  and  the  same  temperatures. 

An  examination  of  the  TS  diagrams  shows  that  the  natural  density  increases  at  all  tempera- 
ture and  salinity  values,  while  natural  specific  volume  decreases  approximately  0.  007-0. 008  with  a 
salinity  increase  of  0.01  o/oo. 

The  density  change  taken  as  a function  of  temperature  change  is  considerably  more  complex. 
Thus,  the  heating  of  water  only  within  limits  higher  than  the  temperature  of  maximum  density  for  a 
given  salinity  decreases  the  density.  At  high  temperatures  this  is  more  pronounced  than  at  low. 
From  the  TS  diagram  it  is  evident  that  for  sea  water  with  salinity  of  31  o/oo  and  higher  within  the 
temperature  range  0°  to  8°,  a 0.1°  increase  in  temperature  has  the  same  effect  on  density  and 
specific  volume  as  a salinity  decrease  of  0.  01  o/oo. 

At  lower  temperatures  and  particularly  at  low  salinities,  slight  changes  in  the  water  temper- 
ature have  practically  no  effect  on  its  density,  and,  finally,  with  slight  salinities  and  low  tempera- 
tures we  even  get  a decrease  in  density  with  a drop  in  temperature.  These  phenomena  are  ex- 
plained by  the  complexity  of  water  structure  and  the  irregular  change  in  the  coefficient  of  thermal 
expansion  resulting  from  it. 

Low  temperatures,  of  the  order  of  2 to  3°  at  salinities  from  34.5  to  35  o/oo,  are  observed 
everywhere  at  great  ocean  depths.  In  the  Greenland  Sea,  the  bottom  temperatures  vary  within  the 
limits  -1.0°  to  -1.6°,  while  in  the  Arctic  Basin  they  vary  from  -0.7°  to  -0.  9°  at  the  same  salinity. 
Thu3,  we  see  that  in  the  surface  layers  of  the  World  Ocean,  density  is  determined  by  salinity  and 
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temperature,  while  in  the  deep-water  layers  of  the  World  Ocean,  only  salinity  is  determinant.  The 
Central  Arctic  Basin  is  exceptional  In  this  respect;  here  the  maximum  observed  temperature  is 
*2.68*  and.  consequently,  even  the  density  of  the  surface  waters  is  almost  exclusively  a function  of 
salinity. 
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Figure  L.  Graph  for  computing  natural  specific  volume  by  temperature 
and  salinity  (TS  diagram). 


The  density  of  the  water  increases  with  an  increase  in  pressure.  Thus,  the  density  of  water, 
whose  salinity  is  35  o/oo  and  temperature  O',  is  1.02813  at  the  ocean  surface,  while  it  rises  to 
1.07105  at  a depth  of  10,000  m under  the  pressure  of  the  higher-lying  layers.  Thus,  the  compres- 
sibility of  water  is  not  very  great.  However,  if  water  were  absolutely  incompressible,  the  ocean 
level  would  rise  30  m. 

At  great  ocean  depths  an  adiabatic  increase  in  water  temperatures  occurs  simultaneously  with 
compression.  Thus,  the  temperature  of  water  sinking  from  the  ocean  surface  to  a depth  of  10.  000 
m rises  l . 37° 

LITERATURE:  48  . 62  . 73  . 75,  154,  157. 


Section  5.  The  Temperature  of  Maximum  Density 
and  the  Freezing  Point 

The  temperature  of  maximum  density  for  distilled  water  is  4 . With  an  increase  in  the  salin- 
ity of  sea  water,  this  temperature  decreases. 

Table  1 shows  the  temperature  of  maximum  density,  the  freezing  point  and  the  natural  densi- 
ties of  sea  water  at  these  temperatures. 
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TABLE  1.  FREEZING  POINT  AND  MAXIMUM  DENSITY  OF  SEA  WATER 


s 

0' 

% 

O 

T 

<J 

T 

5 

0" 

ae 

o 

T 

a 

T 

0 

3.95 

0.00 

-0.  13 

0.  00 

20 

-0.31 

16.07 

-1.07 

16.  07 

5 

2.93 

4.15 

-0.27 

3.96 

25 

- 

- 

-1.35 

20.  10 

10 

1.86 

8.18 

-0.53 

8.00 

30 

- 

- 

-1.63 

24.  15 

15 

0.77 

12.  13 

-0.80 

12.02 

35 

- 

- 

-1.91 

28.21 

I believe  it  is  possible  to  use  the  following  formula  for  computing  the  freezing  point  of  sea 
water  according  to  its  salinity: 


T = -0.054  5 


Figure  2.  The  freezing  point  of  sea  water,  the 
temperature  of  greatest  density  and 
the  temperature  of  density  equal  to 
the  density  at  the  freezing  point. 


From  the  graph  shown  in  figure  2 it  is  evident  that  both  temperatures  decrease  almost  linearly  with 
an  increase  in  salinity,  in  which  case  the  temperature  of  maximum  density  decreases  more  rapidly 
than  the  temperature  of  freezing.  Consequently,  the  curves  intersect  at  a certain  salinity. 

At  the  point  of  intersection,  both  temperatures  are  evidently  equal.  Determining  the  corre- 
sponding salinity  by  the  last  condition,  we  get 

0 = T = -1 332; 

5 =5  = 24.695  o/oo; 

0 T 

a -a  - 19.852  o/oo. 

0 T 

From  this  it  follows  that  a salinity  of  24.695  o/oo  is  transitional  in  that  at  lower  salinities, 
the  temperature  of  maximum  density  is  higher  than  the  freezing  point,  i.e. . we  have  the  same  phe- 
nomena as  for  fresh  water.  Such  waters  are  called  briny.  Only  with  salinities  > 24.695  o/oo  does 
water  take  on  the  typical  character  of  sea  water:  the  freezing  point  in  the  sea  (if  we  exclude  super- 
cooling). i.e..  under  natural  conditions,  is  simultaneously  the  temperature  of  maximum  density. 
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The  freezing  point  drops  with  an  increase  in  pressure,  i.e. , the  ice  which  had  formed  melts 
with  increased  pressure.  This  in  particular  explains  the  fusion  of  ice  floes  due  to  compression. 


Theoretically,  the  freezing  point  drops  1*  with  a pressure  increase  of  134.4  bars. 

The  temperature  of  maximum  water  density,  according  to  Amaga.  drops  1“  with  a pressure 
increase  of  40.5  bars.  At  a pressure  of  146.6  bars,  it  is  0.6“ . 

It  should  be  noted  that  any  ice.  and  in  particular  sea  ice.  is  permeated  with  capillaries.  The 
freezing  point  decreases  in  the  capillaries,  eg..  Lange  showed  that  a temperature  of  -18°  is  re- 
quired to  cause  fresh  water  to  freeze  in  a capillary  0. 1 mm  in  diameter. 

LITERATURE:  62.  73,  97.  154. 

Section  6.  Increase  in  Density  During  Mixing 

Since  the  temperatures  of  freezing  and  of  maximum  density  do  not  coincide,  near  the  temper- 
ature of  maximum  density  for  briny  waters,  a region  of  temperatures  forms  in  which  water  of  the 
same  salinity  may  have  the  same  density  at  two  different  temperatures.  Thus.  e.g. . the  density  of 
distilled  water  is  the  same  at  0“  and  at  8.2°.  Curve  J in  figure  2 is  a curve  of  temperatures  lying 
above  the  temperature  of  maximum  density,  but  at  which  the  density  of  the  water  is  equal  to  the 
density  of  water  of  the  same  salinity  at  the  freezing  point . This  property  of  water  is  responsible 
for  the  " increase  in  density  with  mixing.  " 

Let  us  mix  two  equal  parts  of  fresh  water:  one  with  a temperature  of  8.2°.  the  other  0°.  The 
density  is  0.99987  in  each  case.  .After  mixing,  the  temperature  of  the  mixture  will  be  4.1°,  the 
density  about  1.00000.  i.e..  0.00013  greater  than  that  of  each  of  the  mixed  parts  taken  separately. 
Densification  during  mixing  of  waters  of  the  same  salinity  is  possible  for  sea  water  with  a salinity 
of  less  than  24.695  o/oo.  between  the  freezing  temperature  and  the  temperature  which  can  be  deter- 
mined by  the  ft  curve  of  figure  2.  But  further,  as  can  be  seen  from  the  TS  diagram,  for  sea  waters 
of  any  salinity  and  temperature  but  of  the  same  density,  the  density  after  mixing  is  always  greater 
than  the  density  computed  from  the  mixing  formulas,  particularly  at  low  temperatures  and  salinities. 
This  phenomenon  is  fully  explained  by  the  convexity  of  the  curves  of  equal  density. 

Table  2 shows  the  temperatures  and  salinities  of  waters  of  equal  density  anil  their  tempera- 
tures. salinities  and  natural  densities  after  equal  masses  of  the  examined  waters  have  been  mixed. 
As  can  be  seen  from  the  table,  when  equal  masses  of  water  are  mixed,  one  of  which  has  a tempera- 
ture of  -1.6°  and  a salinity  of  27.38  o/oo  (approximately  corresponding  to  the  waters  of  the 
Labrador  Current)  while  the  other  has  a temperature  of  30.0'  and  salinity  35.36  o/oo  (approximate- 
ly corresponding  to  the  waters  of  the  Gulf  Stream),  and  with  a natural  density  of  22.0  for  both  wa- 
ters before  mixing,  we  find  a common  temperature  of  14.2°.  salinity  31.37  o/oo  and  natural  density 
23.39.  Thus,  in  the  case  examined,  the  natural  density  increases  1 .39  due  to  mixing,  which  is 
quite  an  appreciable  amount.  Actually,  a similar  effect  is  obtained  for  water  No.  2.  either  by  in- 
creasing the  salinity  1.82  o/oo  or  by  decreasing  the  temperature  4.2°. 

The  magnitude  of  density  increase  during  mixing  and  the  mixing  proportion  causing  maximum 
density  increase  can  be  determined  most  simply  from  the  TS  diagram.  On  the  TS  diagram,  let  us 
join  the  two  TS  points  characterizing  the  mixing  waters  by  a straight  line.  Let  us  call  this  line  the 
"mixing  line"  . Actually,  with  any  mixing  proportion,  the  TS  point  of  mixture  lies  on  this  line.  If 
we  compare  the  densities  taken  from  the  TS  diagram  with  those  computed  from  the  mixing  formulas, 
we  will  get  the  magnitudes  of  density  increase.  Under  certain  conditions  the  density  of  the  mixture 
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proves  higher  than  that  of  each  of  the  waters  prior  to  mixing.  It  is  easy  to  see  that  such  a highly 
interesting  density  increase  is  possible  only  if  the  mixing  curve  intersects  the  lsostere  of  the 
denser  mixing  water  and  only  if  the  mixing  proportions  lie  on  the  "chord"  of  this  isostere. 

TABLE  2.  INCREASE  IN  DENSITY  WHEN  EQUAL  WATER  MASSES  OF 
UNIFORM  DENSITY  ARI  MIXED 


a 

£ 

Water  1 

Water  2 

Mixture 

5 

t° 

5 

t° 

S 

at 

2.00 

-0. 1 

2.  58 

30 

8.45 

15.  0 

5.51 

3.38 

4.00 

-0.3 

5.  06 

30 

11.  15 

14.9 

8. 10 

5.41 

6.  00 

-0.4 

7.  53 

30 

13.84 

14.8 

10.68 

7.40 

8.00 

-0.  5 

10.00 

30 

16.  56 

14.  7 

13.  28 

9.40 

10.00 

-0.6 

12.48 

30 

19.24 

14.  7 

15.  86 

11.39 

12.00 

-0.8 

14.96 

30 

21.93 

14.6 

18.45 

13.36 

14.00 

-0.9 

17.44 

30 

24.62 

14.  5 

21. 03 

15.38 

16.  00 

-1.1 

19.93 

30 

27.30 

14.4 

23.  13 

17.38 

18.00 

-1.2 

22.42 

30 

29.99 

14.4 

26.  20 

19.38 

20.00 

-1.4 

24.89 

30 

32.68 

14.3 

28.78 

21.35 

22.00 

-1.6 

27.38 

30 

35.36 

14.  2 

31.37 

23.39 

24.00 

-1.7 

29.84 

30 

38.02 

14.2 

33.93 

25.33 

TABLE  3.  TEMPERATURE,  SALINITY,  NATURAL  DENSITY  AND 
DENSITY  INCREASE  AFTER  THE  WATERS  HAVE 
BEEN  MIXED  IN  DIFFERENT  PROPORTIONS 


1 

2 

t° 

.S’  o/oo 

a 

t ‘ 

A a 

t 

0 

10 

10 

10. 0 

7.  56 

0 

1 

9 

9 

9.8 

7.  56 

0.  07 

2 

8 

8 

9.8 

7.60 

0.  12 

3 

7 

7 

9.7 

7.61 

0.  16 

4 

6 

6 

9.6 

7.60 

0.  19 

5 

5 

5 

9.  5 

7.57 

0.  20 

6 

4 

4 

9.4 

7.52 

0.  18 

7 

3 

3 

9.3 

7.46 

0.15 

8 

2 

2 

9.2 

7.39 

0.  12 

9 

1 

1 

9.  1 

7.31 

0.  07 

10 

0 

0 

9.0 

7.21 

0 

Table  3 shows  the  results  of  mixing  the  two  waters  in  different  proportions:  l)tj=0’, 

Sj  =9.0  o/oo  and  2)  1 2 = 10“,  .? g = 10 .0  o/oo.  The  last  column  of  the  table  gives  the  density  in- 
crease relative  to  the  densities  computed  from  the  mixing  formula.  As  can  be  seen  from  the  table, 
when  the  masses  of  denser  water  are  greater  than  those  of  less  dense  water,  the  density  of  the  mix- 
ture is  greater  than  that  of  the  denser  water.  With  other  proportions,  although  density  increase 
occurs,  the  density  of  the  mixture  is  intermediate  between  the  densities  of  the  mixing  waters. 


A 


1 


Understandably,  the  capacity  of  water  to  become  denser  on  mixing  has  the  most  essential 
effect  on  ocean  dynamics  and  is  of  greatest  importance  in  the  polar  regions 

LITERATURE:  77, 

Section  7.  The  Properties  of  Sea  Water  of  High  Salinity 

The  average  salinity  of  ocean  water  is  35  o/oo,  but  in  seas  where  evaporation  exceeds  precip- 
itation ami  Influx  of  shore  waters,  the  salinity  is  somewhat  higher. 

The  increase  in  salinity  with  evaporation  is  to  be  explained  by  the  fact  that  in  this  process 
only  a very  insignificant  part  of  the  salts  dissolved  in  the  sea  water  escapes  into  the  atmosphere.  A 
second  possibility  of  increased  salinity  of  sea  water  is  ice  formation,  since  the  salinity  of  ice  is  al- 
ways considerably  less  than  that  of  the  sea  water  from  which  it  is  formed. 

Let  us  assume  in  first  approximation  that  pure  ice.  free  of  all  salts,  is  formed  from  sea  water 
and  let  us  trace  the  phenomena  which  occur  during  the  cooling  of  an  isolated  amount  of  sea  water 

After  the  water  temperature,  on  cooling,  reaches  the  freezing  point,  ice  begins  to  separate 
from  it.  which  causes  increased  salinity  of  the  remaining  sea  water.  A new  decrease  in  tempera- 
ture is  required  for  further  ice  formation  Thus,  the  concept  of  a freezing  point  for  sea  water 
differs  from  that  usually  taken  for  fresh  water.  Actually,  if  we  keep  any  amount  of  fresh  water  at  a 
constant  temperature  slightly  below  zero  for  a sufficient  interval  of  time,  eventually  it  will  freeze 
completely  without  a residue  If,  however,  we  take  sea  water,  we  can  keep  it  at  a constant  temper- 
ature below  the  freezing  point  for  as  long  as  we  like  In  this  case  only  a very  definite  amount  of 
pure  ice  will  be  separated  from  it.  which  will  raise  the  salinity  of  the  remaining  volume  to  the 
extent  that  further  ice  formation  at  that  temperature  will  be  impossible  If  the  temperature  is 
lowered,  the  ice  production  and  the  salinity  of  the  remaining  solution  will  be  increased.  After  pro- 
longed cooling  and  ice  formation,  the  salinity  of  the  sea  water  may  increase  to  the  extent  that 
eutectic  phenomena  will  liegin  in  the  solution. 

l-*t  us  assume  that  we  have  a solution  of  a single  salt,  e g . table  salt  and  subject  this  solu- 
tion to  cooling.  At  some  temperature  below  zero  (depending  on  the  concentration  of  the  solution) 
pure  ice  will  begin  to  form  and  subsequently  the  solution  concentration  will  gradually  begin  to  in- 
crease. each  temperature  will  have  a corresponding  definite  solution  concentration.  The  formation 
of  pure  ice  will  continue  until  the  temperature  reaches  -21  9°.  until  the  concentration  of  the  solu- 
tion becomes  22  4 o/oo  After  this,  with  further  cooling,  the  entire  solution  as  a whole  will  harden 
into  a conglomerate  representing  a mixture  of  ice  and  salt  crystals  and  called  a cryohvdrate  or 
eutectic  mixture. 

If  the  concentration  of  table  salt  at  the  initial  moment  at  a high  temperature  is  greater  than 
22. -I  o/oo*.  on  cooling  the  salt  will  begin  to  precipitate  out  from  the  solution  again  such  that  for 
each  temperature  there  will  be  a corresponding  definite  amount  of  salt  saturating  the  solution  at  the 
given  temperature  This  phenomenon  would  continue  until  the  concentration  of  the  solution  became 
22  4 o/oo  and  the  temperature  -21. 9°.  at  which  point  the  entire  solution  would  harden  as  a cryohv- 
drate The  solution  concentration  22  4 o/oo  and  temperature  -21. 9°  are  the  eutectics  of  table  salt. 

The  difference  in  the  eutectic  temperatures  of  the  salt  solutions  forming  the  sea  water  com- 
plicates the  chemical  processes  during  intense  salinification  caused  by  ice  formation. 


* A saturated  solution  of  table  salt  at  0 ' is  about  27  g per  100  g water. 
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Ringer  conducted  a laboratory  study  of  these  processes.  For  his  experiments  he  took  water 
withsalinity  35.  05  o/oo  and  freezing  point  -1. 91°.  Already  at  this  temperature  calcium  carbonate 
precipitated  out  from  the  sea  water. 

With  further  cooling  to  a temperature  of  -8.2°,  when  glauber  salt  began  to  precipitate,  only 
pure  ice  was  formed.  With  a further  drop  in  temperature,  the  precipitation  of  glauber  salt  was  so 
rapid  that  at  -20°,  only  0. 1 of  the  initial  amount  of  sulfates  remained  in  the  solution.  At  -23°  table 
salt  began  to  precipitate,  at  -36°  magnesium  chloride  and  potassium  chloride.  At  -55°,  calcium 
chloride  began  to  precipitate,  while  at  lower  temperatures  the  whole  mass  hardened. 


TABLE  4 RESULTS  OF  THE  SEA- WATER  FREEZING  (PRO  MILLE  BY  WEIGHT) 


T° 

Liquid 

Phase 

Solid 

Phase 

Sodium 

Sulfate  In 

Solid  Phase 

Table 

Salt  In 

Solid  Phase 

Pure  Ice 

-5 

429.5 

570.  5 

0 

_ 

570.  5 

-8.2 

281.5 

718.5 

0 

- 

718.  5 

-10 

234.0 

766.0 

1.84 

- 

764.16 

-15 

186.  1 

813.9 

3.09 

- 

810.81 

-20 

147.9 

852.  1 

3.58 

- 

848.52 

1 

cc 

134.6 

865.4 

3.68 

861.72 

-30 

43.95 

956. 05 

3.95 

20.  23 

931.87 

Table  4,  according  to  Ringer,  shows  the  behavior  of  the  ice  formation  process  and  the  pre- 
cipitation of  salts  in  grams  per  1000  grams  solution  with  cooling  of  sea  water  (initial  salinity 
35.  05  o/oo)  to  -30°. 

Thus,  in  sea  water  at  low  temperatures  (below  the  temperature  at  which  ice  formation  begins), 
the  salt  composition  is  a function  of  temperature;  it  is  constant  for  each  given  temperature,  but 
differs  from  that  at  any  other  temperature. 

TABLE  5.  FREEZING  POINT  OF  HIGH-SALINITY  SEA  WATER 
S o/oo  I t ° I S o/oo  I r ° I S o/oo  I r ° 


If  we  know  the  salinity  of  the  solution,  using  this  table  we  can  determine  the  temperature  at 
which  ice  formation  begins.  Conversely,  given  some  temperature  below  0°,  we  can  derive  the 
salimtv  to  which  (by  production  of  pure  ice)  the  salinity  oi  any  sea-water  solution  can  be  raised. 

Complex  phenomena  analogous  to  ice  formation  also  take  place  during  evaporation  of  sea 
water.  Actually,  if  there  is  only  one  salt  in  a solution,  it  begins  to  precipitate  out  in  the  form  of 
crystals  as  soon  as  the  solution  becomes  saturated  at  a given  temperature  due  to  evaporation.  If 
there  are  several  salts  in  the  solution,  usually  the  least  soluble  ones  precipitate  first.  It  has  been 
found  that  during  evaporation  calcium  carbonate  precipitates  first,  then  glauber  salt,  while  potas- 
sium chloride  precipitates  only  with  great  difficulty. 

LITERATURE:  62,  73,  77,  168. 

Section  8.  Thermal  Capacity,  Heat  of  Fusion 
and  Heat  of  Vaporization 

The  thermal  capacity  of  sea  water  decreases  from  1. 009  to  0.  925  cal/g/°C  with  an  increase 
in  temperature  and  salinity.  The  thermal  capacity  of  water  is  higher  than  that  of  any  other  sub- 
stance on  earth  except  for  hydrogen  (3. 4 cal/g/°C)  and  liquid  ammonia  (1.2  cal/g/°C). 

The  latent  heat  of  fusion  of  distilled  water,  according  to  the  most  reliable  determinations  of 
many  researchers,  is  79.67  cal/g/°C  at  0°.  This  heat  of  fusion  is  the  highest  of  all  substances  on 
earth,  with  the  exception  of  ammonia,  for  which  it  is  108  cal/g/°C. 

The  heat  of  vaporization  of  water  decreases  from  596  cal/g/°C  at  0°  to  540  cal/g/°C  at  100°. 
The  heat  of  vaporization  of  water  is  higher  than  that  of  any  other  substance  on  earth.  The  heat  ol 
vaporization  of  ice  or  snow  is  usually  considered  the  sum  of  the  heat  of  fusion  of  ice  and  the  heat  of 
vaporization  of  water. 

The  high  values  of  the  specific  heat,  heat  of  fusion  and  heat  of  vaporization  of  water  for  the 
thermal  regime  of  the  earth  are  easily  explained  by  the  following  calculation. 

When  one  volume  of  water  is  cooled  1°  an  amount  of  heat  is  released  sufficient  to  heat  3100 
volumes  of  air  by  1°;  when  ice  is  formed  an  amount  of  heat  is  released  from  one  volume  of  water 
that  is  sufficient  to  heat  about  250,000  volumes  of  air  by  1°;  when  one  volume  of  water  is  con- 
densed, enough  heat  is  generated  to  heat  about  1,800,000  volumes  of  air  by  1°. 

LITERATURE:  62,  73. 


Section  9.  Vapor  Pressure 

If  a small  amount  of  water  is  placed  in  the  Torricelli  vacuum  of  a barometer,  the  water  will 
vaporize  and  the  vacuum  will  become  saturated  with  water  vapors;  there  will  be  as  much  water  vapor  as 
can  exist  in  the  gaseous  state  at  the  given  temperature.  These  vapors  will  exert  a certain  pressure 
on  the  mercury,  whose  level  will  decrease  correspondingly.  Vapor  pressure  Is  measured  by  the 
fall  of  the  mercury  column  in  mm.  The  pressure  of  saturated  sea -water  vapor,  as  in  the  case  with 
any  solution,  is  somewhat  less  than  that  of  pure  water.  Actually,  in  sea  water  the  molecules  which 
escape  from  the  liquid  during  evaporation  must  overcome  not  only  the  attraction  of  the  water  mole- 
cules, but  also  the  attraction  of  the  molecules  of  the  dissolved  substances,  which  remain  in  solution 
during  evaporation. 
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Of  course,  In  general,  the  farther  the  water -adjacent  atmosphere  Is  from  a state  of  saturation 
the  greater  will  be  the  evaporation  rate.  The  latter  is  determined  either  by  the  moisture  deficit  (A) 
or  by  the  relative  humidity  (r)  which  can  be  determined  from  the  formulas 

A = £ — e and  r~IOO-, 

E 

where  A Is  the  pressure  of  the  vapor  saturating  the  air  at  the  given  temperature,  e Is  the  pressure 
of  the  vapor  in  the  air  at  that  same  temperature. 

The  saturation  vapor  pressure  Increases  very  rapidly  with  Increasing  temperature  and,  con- 
sequently, the  dryness  of  the  air  also  Increases.  With  a drop  in  temperature,  the  relative  humidity 
of  the  air  increases  and  at  a temperature  called  the  dew  point,  when  the  moisture  deficit  is  zero  and 
the  relative  humidity  100  percent,  evaporation  ceases  and  condensation  begins,  l.e.  the  formation 
of  fog  and  the  precipitation  of  dew. 

The  following  are  given  In  table  6:  t.'w  the  saturation  vapor  pressure  above  water  in  mb,  A'j 
the  saturation  vapor  pressure  above  ice  in  mb,  qw  the  water-vapor  density  above  water  in  g/m3,  q j 
the  water-Aapor  density  above  ice  in  g/ma. 

TABLE  6.  THE  PRESSURE  AND  DENSITY  OF  WATER  VAPOR 
ABOVE  WATER  AND  ICE 


E 

U) 

E 

i 

7 

y 

7 

i 

r% 

U) 

0 

6.11 

6.  12 

4.85 

4.86 

103 

-10 

2.87 

2.60 

2.36 

2.14 

90 

-20 

1. 25 

1.03  . 

1.07 

0.88 

82 

-30 

- 

0.39 

- 

0.35 

- 

From  the  table  it  is  evident  that  the  saturation  vapor  pressure  above  ice  is  less  than  the  vapor 
pressure  above  supercooled  water  at  the  same  temperature.  Consequently,  there  cannot  be  equilib- 
rium above  water  and  ice  at  the  same  temperature:  water  vapor  in  the  atmosphere  above  ice  will 
become  ever  denser  until  the  entire  liquid  evaporates  or  until  all  the  ice  melts.  Equilibrium  be- 
tween water  and  ice  is  even  less  feasible  when  there  is  a difference  in  temperature. 

LITERATURE:  62,  73. 


Section  10.  Reflection  and  Refraction  of  Solar  Energy 

A sun's  ray  falling  on  the  surface  of  the  sea  in  part  is  reflected  into  the  atmosphere  and  in 
part  is  refracted  into  the  water. 

The  coefficients  of  refraction  in  water  for  all  wavelengths  of  the  visible  spectrum  are  approx- 
imately 1.34.  They  increase  slightly  with  decreasing  temperature  and  increasing  salinity. 

Table  7 shows  the  angles  of  incidence  (i)  and  of  refraction  (r)  of  an  individual  ray  of  light, 

and  also  the  ratio  between  the  reflected  ( 1 ,)and  incident  ( [ ) energy  (index  of  reflection) 

1 o 
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TABLE  7.  INDEX  OK  HEK  LECTION 


lit) 

so 

70 

tiO 

50 

40 

30 

20 

10 

0 

4s  ;t 

47.  a 

•14  5 

40.  3 

34  <1 

2S . 7 

21.9 

14. H 

7.4 

0 

100.  (1 

35.  0 

13.  5 

li.  0 

3.5 

2 

2 2 

2.  1 

2.  1 

0 

The  surface  of  the  sea.  however,  is  not  only  illuminated  hy  direct  solar  rays,  imt  also  by 
scattered  radiation,  i.e.  . by  rays  falling  onto  it  from  all  directions  and  partially  reflected  in  all 
directions. 

The  concept  of  "alliedo"  is  introduced  to  take  account  of  the  energy  thus  reflected,  by  all>edo 
we  understand  the  ratio  of  the  reflected  to  the  scattered  energy  Incident  on  the  given  surface  ex- 
pressed in  percent  or.  in  other  words,  the  coefficient  of  reflection 

The  concept  of  alliedo  should  lie  expanded  for  such  semi-transparent  media  as  water  and  ice. 
Actually . as  Kalitin  pointed  out,  the  alliedo  of  the  soa  includes,  first,  solar  radiation  reflected  and 
scattered  by  the  sea  surface,  second,  radiation  sent  by  the  sea  into  (he  atmosphere  and  caused  by 
molecular  scattering  ol  the  water  mass  itself  and  the  particles  suspended  in  it. 

1'he  purer  and  more  transparent  the  ocean  water,  the  lower  the  alliedo  and  the  closer  it 
approaches  the  one  derived  from  table  7. 

Employing  ibis  table,  we  find  that  even  for  direct  solar  radiation  at  solar  altitudes  greater 
than  . the  alliedo  of  the  sea  is  less  than  !l  percent;  in  other  words,  the  ocean  albedo  is  small  in 
comparison  with  that  of  all  other  forms  of  the  earth’s  surface  The  alliedo  of  old,  settled  snow,  on 
the  other  hand,  varies  Itciween  30  and  ad  percent,  while  it  reaches  71)  to  5)0 percent  for  the  white 
smooth  surface  ol  freshly  fallen  snow . Thus,  of  all  the  natural  surfaces  of  the  earth,  the  ocean  is 
the  most  absorptive  of  solar  energy  while  snow  and  ice  are  the  most  reflective. 

Due  to  the  high  alliedo  ol  the  snow  cover,  illumination  even  in  (he  middle  latitudes  is  maxi- 
mum in  spring  iwhen  the  air  is  most  transparent),  in  presence  of  a snow  cover  not  yet  affected  by 
thawing  (high  alliedo)  and  in  presence  of  slight  cloudiness  and  tiuring  a light  snowstorm  (great 
scattered  radiation) 

IJTEKATt'KE:  fit.’.  73.  SI 

Section  11.  Absorption  and  Scattering  of  Solar  Energy 

The  stream  of  solar  energy  . on  passing  through  the  layers  of  water  and  lining  absorlied  in 
part,  loses  some  energy  on  heating  the  soa. 

Investigations  have  shown: 

I The  values  of  the  absorption  coefficients,  even  for  slightly  differing  wavelengths  of  solar 
energy,  fluctuate  within  very  wide  limits  Thus,  the  absorption  of  solar  energy  by  water  is  an 
extremely  selective  process 

2.  The  absorption  coefficients  are  maximum  in  the  infrared,  absorption  is  considerably  less 
in  the  ultraviolet  aixl  least  in  the  visible  spectrum. 


:i  The  long  waves  are  absorbed  more  intensively  in  the  visible  spectrum. 


Light  energy,  passing  through  layers  of  air,  water  and  lee,  is  not  only  ahsorlHMl  tmt  also 
scattered 

The  coefficient  of  scattering  for  slightly  turbid  media  is  inversely  proportional  to  the  fourth 
power  of  the  wavelength  Hence,  it  follows  that  the  longer  the  wave,  the  less  it  will  scatter,  i.e  . 
this  is  the  opposite  of  what  takes  place  for  absorption  in  the  light  part  of  the  spectrum  With  an 
increase  in  the  size  of  the  particles  in  any  medium,  the  exponent  decreases  with  wavelength,  and 
when  the  particles  are  quite  large  and  the  light  ray  is  Ixith  reflected  from  the  surface  of  the  parti- 
cles and  is  absorbed  by  the  particles,  the  exponent  liecomes  zero.  i.e.  . scattering  becomes  inde- 
pendent of  wavelength. 

The  heat,  light  and  color  regimes  of  the  ocean  and  the  atmosphere  are  determined  bv  the 
selectivity  of  the  absorption  process  and  by  (he  combined  effect  of  absorption  and  scattering 

It  is  very  important  that  the  dark,  long-wave  rays  in  which  up  to  Si)  per  cent  of  the  thermal 
energy  is  concentrated  are  absorbod  in  the  uppermost  layers  of  the  ocean.  At  a depth  of  1 cm,  the 
thermal  effect  of  solar  energy  is  approximately  1)4  times  less  than  at  the  water  surface,  while  at  a 
depth  of  1 m it  is  8,350  times  less  Light  penetrates  to  the  ocean  depths,  but  the  heat  is  absorlied 
by  the  surfacemost  layers  This  shows  that  the  ocean  would  tie  practically  unhealed,  tl  various 
factors  did  not  cause  mixing  of  its  upper  layers. 

Slnco  in  clear  or  slightly  turbid  media,  the  short  rays  are  the  ones  most  scattered,  the 
clearer  the  medium,  the  fewer  the  particles,  and  the  fewer  the  particles  per  unit  volume,  the  bluer 
the  medium  appears . This  explains  the  blue  color  of  the  sky,  water,  ice.  smoke,  etc  On  the 
other  hand,  scattered  light  does  not  change  color  with  an  increase  in  the  si/e  ol  foreign  inclusions 
This  explains  the  white  color  of  clouds  and  mists,  the  droplet  sizes  of  which  arc  considerable  in 
comparison  with  the  size  of  the  light  waves. 

In  the  ocean  itself,  as  observations  have  shown,  the  intensity  of  illumination  decreases  rap- 
idly with  depth  due  to  selective  absorption  and  scattering:  the  twilight  which  prevails  even  at  modul- 
ate depths  keeps  deepening,  the  green  becomes  light  blue,  dark  blue,  violet,  and  at  great  depths 
there  is  complete  darkness 

Noither  the  transparency  nor  the  color  of  the  sea  is  connected  with  either  temperature  or 
salinity,  but  is  a function  exclusively  of  the  size  and  numlier  of  impurities  ol  organic  and  inoi  gam. 
origin  Therefore,  the  sea.  as  a rule,  is  transparent  and  blue  far  from  shore,  and  liocomes  less 
transparent  closer  to  shore,  taking  on  a greenish-brown  hue.  The  water  in  shallows  and  oil  shore 
tiecomos  considerably  loss  transparent  after  storms. 

Sea  ice  and  glacier  ice  always  contain  organic  and  inorganic  Impurities  Therefore,  in 
regions  where  ice  melts,  transparency  always  decreases  and  the  color  of  the  sea  becomes  green 
This  is  farther  intensified  by  the  vigorous  growth  of  microscopic  algae,  which  always  accompanies 
melting.  Further,  myriads  of  tiny  air  bubbles  trapped  in  the  ice  enter  the  water  when  the  ice 
molts.  These  bubbles,  remaining  in  a suspended  state  for  a long  time  and  decreasing  transparency, 
give  the  water  a whitish  tint,  although  preserving  its  basic  color.  When  glacier  ice  melts,  the  so 
called  glucior  milk  affects  the  color  of  the  sea,  giving  it  a whitish-light  blue  tint  thi  the  other 
hand,  amid  non-meltlng  ices,  due  to  the  singular  purification  of  the  sea  by  vertical  circulation,  the 
sea  is  very  transparent  in  the  ice-formation  period  and  approaches  a dark  blue  color. 

LITERATURE:  112,  73.  77. 
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CHAPTER  II 

CHANGES  OF  TEMPERATURE  AND  SALINITY 

OF  THE  OCEAN 

Section  12.  The  Processes  that  Change  the  Temperature 
and  Salinity  of  the  Ocean 

The  measurement  of  temperature  and  the  determination  of  salinity  (or  any  other  physical- 
chemical  property)  of  sea  water  can  be  carried  out  in  two  ways: 

The  temperature  can,  for  instance,  be  measured  at  certain  time  intervals,  at  the  same  points 
in  the  sea  and  at  the  same  depths  from  mean  sea  level  or,  in  other  words,  at  the  same  geograph- 
ical coordinates;  such  measurements  will  give  an  idea  of  the  variations  of  heat  regime  of  the  sea 
only  in  the  absence  of  vertical  and  horizontal  movements  of  water  masses  in  the  given  area.  With 
the  presence  of  currents,  however,  we  will  obtain  the  temperatures  of  various  water  masses  each 
time  by  measuring  the  temperatures  at  geographical  coordinates;  the  temperature  variations  can  be 
traced  in  the  moving  water  mass  or,  according  to  a statement  by  Helland-Hansen,  the  temperature 
can  be  measured  in  oceanological  coordinates . 

The  concept  of  oceanological  and  geographical  coordinates  relative  to  temperature  is  deter- 
mined by  the  following  formula: 

dt__dt_  dt_ 
dT  dT  + U dx  ’ 

where  dt/dT  = the  rate  of  temperature  variations  affected  by  local  circumstances  in  the  same 
water  mass,  i.e. , the  temperature  variation  with  time  in  oceanological  coordinates,  d t/d  7 = the 
rate  of  temperature  variations  at  the  same  geographical  latitude  and  longitude  and  at  the  same  depth 
below  the  sea  surface,  i.e. , the  temperature  variation  with  time  in  geographical  coordinates,  u = 
current  speed,  and  9 t/dx  = the  horizontal  temperature  gradient  in  the  sea  in  the  direction  of  the 
current . 

It  is  evident  that  the  second  term  of  the  equation  characterizes  the  temperature  variation  at  a 
given  point  of  the  sea,  which  is  caused  not  only  by  local  conditions  but  also  by  the  heat  influx  via  the 
current.  In  other  words,  by  advected  heat. 

The  variations  of  temperature  and  salinity  of  the  water,  in  oceanological  coordinates,  are 
created  almost  exclusively  at  the  sea  surface.  The  main  processes  that  raise  the  temperature  of 
the  surface  water  layers  in  oceanological  coordinates  are  as  follows: 

1.  absorption  by  the  sea  of  incident  and  diffuse  solar  radiation  (thiB  is  the  most  important 
process), 

2.  radiation  from  the  warmer  atmosphere  to  the  colder  ocean, 

3.  condensation  of  atmospheric  moisture  over  the  colder  ocean, 
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4.  precipitation  that  is  warmer  than  the  surface  layers  of  the  ocean. 

The  main  processes  that  lower  the  temperature  of  surface  layers  of  the  ocean  are  as  follows: 

1.  radiation  from  ocean  to  the  atmosphere, 

2.  evaporation, 

3.  convection  of  the  atmosphere, 

4.  precipitation  that  is  colder  than  the  ocean  surface, 

5.  ice  melting. 

The  main  processes  that  increase  the  salinity  of  surface  water  layers  are  as  follows: 

1.  evaporation, 

2.  ice  formation. 

The  main  processes  that  decrease  the  salinity  of  surface  water  layers  are  as  follows: 

1.  precipitation, 

2.  condensation  of  water  vapor  on  the  ocean  surface, 

3.  ice  melting. 

In  addition  to  these  main  processes,  there  are  processes  that  are  constantly  active  in  the 
sea  — changing  its  temperature  and  salinity,  but  being  of  considerably  smaller  significance.  These 
processes  are  as  follows: 

1.  transformation  of  the  mechanical  energy  of  wind,  currents  and  tidal  phenomena  into  heat 
energy,  which  results  from  friction  and  occurs  at  all  depths, 

2.  biochemical  processes  which  change,  to  a degree,  the  temperature  and  salinity  and  occur 
at  all  depths, 

3.  absorption  of  the  earth's  heat  by  deep  water  layers.  The  earth's  heat,  as  well  as  the 
radioactivity  of  the  bottom,  explains  evidently  the  somewhat  higher  temperatures  of  almost  im- 
mobile bottom  layers  of  the  oceans  and  several  landlocked  seas. 

The  main  processes  that  affect  the  temperature  and  salinity  of  ocean  surface  layers  in  ocean- 
ological  coordinates  do  not  occur  independently  from  one  another.  On  the  contrary,  they  usually 
occur  simultaneously,  whereby  part  of  them  act  in  one  direction  and  others  the  reverse  direction. 
For  instance,  the  warming  of  the  sea  surface  intensifies  evaporation  which,  in  turn,  cools  the  sur- 
face layers.  Not  only  does  this  evaporation  cool  the  ocean  surface  layers,  but  simultaneously  it 
also  increases  their  salinity,  etc.  The  intensity  of  each  of  the  processes  that  affect  the  tempera- 
ture and  salinity  of  the  surface  layers  of  the  ocean  does  not  remain  constant;  sometimes  one  of  the 
processes  prevails  and  at  other  times  another.  In  this  connection,  the  temperature  and  salinity 
of  the  ocean  is  now  increasing,  now  decreasing.  Thus  the  final  effect  of  temperature  and  salinity 


variations  is  expressed  as  an  algebraic  sum  of  variations  Induced  by  processes  that  act 
simultaneously. 

The  temperatures  and  salinities  that  are  created  in  surface  layers  by  intermixing  are  trans- 
mitted downward  to  a certain  depth,  thus  creating  the  so-called  "active  layer." 

Depending  on  local  circumstances,  this  layer  can  be  completely  uniform.  At  other  times,  the 
curves  of  vertical  distribution  of  oceanological  characteristics  in  the  active  layer  are  very  com- 
plex. Besides,  this  layer  can  be  either  thick  or  thin. 

The  main  distinguishing  feature  of  the  active  layer  is  the  fluctuation  of  oceanological  charac- 
teristics (within  the  limits  of  accuracy  of  the  observations).  These  fluctuations  can  lie  diurnal, 
seasonal,  secular  or  of  some  other  period.  Evidently,  the  longer  the  given  time  period,  the 
greater  the  thickness  of  the  active  layer. 

The  intermixing  processes  that  create  the  active  layer  are  discussed  in  detail  in  the  sub- 
sequent chapter.  Here  is  suffices  to  point  out  that  if  the  density  of  surface  layers  increases  with  a 
change  of  temperature  and  salinity  in  the  layer,  a convective  intermixing  is  induced  as  a result. 
Otherwise,  the  static  equilibrium  of  water  layers  is  not  disturbed,  and  external  factors  need  be 
added  in  order  to  induce  intermixing,  notably:  the  wind,  tidal  phenomena,  currents,  etc.,  which 
induce  the  movement  of  water  layers  relative  to  one  another  in  the  sea.  The  intermixing  that  is 
induced  by  external  forces  can  be  called  a frictional  intermixing  (occurring  as  a result  of  friction 
relative  to  one  another). 

LITERATURE:  62,  67. 


Section  13.  Solar  Radiation 

Solar  energy  is  a primary  source  of  all  phenomena  occurring  on  the  earth.  The  quantity  of 
sunlight  and  heat  that  reaches  the  earth  depends  on  the  geographical  latitude  and  varies  with  vari- 
ations of  astronomical  and  meterorological  conditions.  The  quantity  of  heat  annually  transmitted 
by  the  sun  to  the  earth  could  melt  a layer  of  ice  36  in.  thick  covering  the  entire  surface  of  the 
earth. 

At  high  latitudes  (beyond  the  Arctic  Circle),  the  following  astronomical  seasons  canbe  singlet! 

out: 


1.  arctic  winter  - the  sun  does  not  rise  above  the  horizon, 

2.  arctic  spring  - the  sun  rises  and  sets  daily,  but  the  length  of  the  day  is  increasing, 

3.  arctic  summer  - the  sun  does  not  disappear  at  all, 

4.  arctic  autumn-  the  sun  rises  and  sets  daily,  but  the  length  of  the  day  decreases. 

The  nearer  to  the  Arctic  Circle  (away  from  the  Pole),  the  shorter  is  the  arctic  winter  and 
the  arctic  summer;  the  nearer  to  the  Pole,  the  shorter  the  arctic  spring  and  the  arctic  autumn. 


TABLE  8.  DATES  OF  THE  BEGINNING  AND  DURATION  (IN  DAYS)  OF  ARCTIC  SEASONS 


Latitude 



ring 

Summer 

Autumn 

Winter 

Date 

Number 
of  Days 

Date 

Number 
of  Days 

Date 

Number 
of  Days 

Date 

Number 
of  DuyB 

68° 

4.1 

143 

27.  V 

53 

19.  VII 

144 

10.  XII 

25 

70° 

17.1 

120 

17.  V 

72 

28.  VII 

121 

26.  XI 

52 

72° 

26.1 

103 

9.  V 

88 

5.  VIII 

104 

17.  XI 

70 

74° 

3.  II 

88 

2.  V 

102 

12.  VIO 

90 

10.  XI 

85 

76° 

9.0 

76 

26.  IV 

115 

19.  VIO 

76 

3.  XI 

98 

78° 

15.  0 

64 

20.  IV 

127 

25.  VIO 

63 

27.  X 

11 

80° 

22.0 

51 

14.  IV 

139 

31.  VIII 

52 

22.X 

23 

82° 

27.11 

41 

9.  IV 

150 

6.  IX 

41 

17.  X 

133 

84° 

4.IO 

31 

4.  IV 

159 

10.  IX 

31 

11.  X 

144 

86° 

9.IO 

21 

30.  Ill 

169 

15.  IX 

21 

5.  X 

155 

88° 

14.  Ill 

11 

25.01 

179 

20.  IX 

10 

30.  IX 

165 

90° 

20.10 

f 

0 

20.10 

189 

25.  IX 

0 

25.  IX 

176 

These  simple  schemes  are  somewhat  modified  by  refraction,  which  elevates  the  sun  above 
the  horizon,  and  the  twilight  phenomena  of  either  the  civil  or  astronomical  state.* 

The  change  of  astronomical  conditions  is  determined  not  only  by  the  earth’s  rotation  around 
the  sun  (upon  which  the  seasons  of  the  year  depend)  and  around  its  own  axis  (upon  which  the  time  ol 
day  depends),  but  also  by  the  change  of  distance  from  the  earth  to  the  sun. 

It  is  assumed  that  the  solar  heat  reaching  the  upper  limits  of  the  atmosphere  equals  1.94 
g-cal  per  min.  per  cm3  0f  the  surface  perpendicular  to  the  sun's  rays.  This  magnitude  is  called 
the  solar  constant  and  it  varies  somewhat  with  time  in  connection  with  the  variation  of  the  amount 
of  sunspots  and  with  the  variation  of  distance  to  the  sun.  Thus,  during  the  years  that  are  charac- 
terized by  the  maximum  number  of  sunspots,  when  the  sun's  surface  is  most  active,  the  solar  con- 
stant is  approximately  2 per  cent  greater  than  during  the  years  that  are  characterized  by  the  min- 
imum number  of  sunspots.  When  the  earth  is  nearest  to  the  sun  (about  January  1,  perigee)  the 
constant  is  1.07  times  greater  than  when  the  earth  is  farthest  from  the  sun  (about  July  1,  apogee). 

There  are  incident  and  diffuse  radiations.  The  incident  radiation  is  associated  with  direct 
sunbeams,  the  diffuse  radiation  with  sunbeams  that  are  reflected  in  the  atmosphere  and  that  strike 
objects  from  all  sides. 

The  incident  and  diffuse  radiations  add  up  to  the  total  solar  radiation. 

The  intensity  of  solar  radiation  (as  well  as  the  solar  constant)  is  measured  in  g-cal  per  min. 
per  cm2. 


♦Civil  twilight  lasts  from  the  moment  the  upper  rim  of  the  sun  disappears  to  the  moment  the 
sun  reaches  7°  below  the  horizon.  This  is  a conditional  concept.  It  is  assumed  that  the  illumi- 
nation during  civil  twilight  is  sufficient  for  reading  in  the  open. 

Astronomical  twilight  lasts  from  the  sun's  disappearance  to  the  moment  the  sun  reaches  17° 
below  the  horizon  and  the  stars  of  the  6th  magnitude  can  be  distinguished  by  eye. 
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The  intensity  of  incident  solar  radiation  is  reduced  to  the  horizontal  plane  by  the  formula 


/ = /0sin«,  (1) 

where  I0  » radiation  striking  a plane  that  is  perpendicular  to  the  sun's  rays,  a = sun’s  elevation 
above  the  horizon. 

Formula  (1)  explains  the  relatively  intense  heating  of  vertical  walls  at  small  elevations  of  the 
sun.  This  phenomenon  is  of  special  significance  in  arctic  areas  where  the  vertical  walls  of  hum- 
mocks and  icebergs  melt  intensely  in  summer  while  the  horizontal  surfaces  of  ice  floes  remain 
untouched. 

The  intensity  of  solar  radiation  also  depends  on  the  sun's  elevation  because  at  small  eleva- 
tions the  sunbeams,  prior  to  reaching  a given  object,  must  penetrate  atmospheric  strata  having 
considerable  thickness  or,  in  other  words,  pass  through  considerably  greater  "atmospheric 
masses"  than  at  greater  sun's  elevations.  Assume  that  a sunbeam  strikes  the  earth  in  vertical 
direction.  When  passing  through  the  atmosphere,  the  energy  of  the  sunbeam,  due  to  absorption  and 
scattering,  will  decrease,  becoming  equal  to 


(2) 

where  q - coefficient  of  atmospheric  scattering. 

If  this  sunbeam  would  penetrate  one  more  atmosphere  like  this,  or  one  more  "atmospheric 
mass"  having  the  same  optical  properties,  then  the  preceding  formula  is  transformed  into 

(3) 

but  when  penetrating  m atmospheric  masses 

U=Kqm.  (4) 


This  is  known  as  the  Lambert-Bugge  formula. 

It  is  obvious  that  in  order  to  find  the  intensity  of  the  solar  radiation  striking  the  horizontal 
surface  of  the  sea, 


l — sin  a.  (5) 

As  to  the  coefficient  of  scattering,  it  depends  on  meteorological  conditions,  the  dust  content, 
and,  mainly,  on  the  water  vapor  content  of  the  atmosphere. 

The  water  vapor  pressure  in  the  atmosphere,  as  we  already  know,  depends  on  temperature. 

At  -20°,  the  saturated  vapor  pressure  equals  1.25  mb,  at  0°—  6 mb,  at  30°— 42  mb.  Hence,  in 
arctic  regions,  despite  small  elevations  of  the  sun,  the  intensity  of  incident  solar  radiation  may 
exceed  the  intensity  of  solar  radiation  at  noon  in  tropical  regions,  because  in  the  arctic  regions  the 
atmosphere  contains  not  only  a small  quantity  of  water  vapor  but  also  a small  quantity  of  dust. 

Thus,  the  colder  the  air  (with  the  absence  of  clouds),  the  greater  is  the  scattering  of  the 
atmosphere . 
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TABLE  9.  THE  MEAN  OBSERVED  MAGNITUDES  OE  THE  INTENSITY  OF  SOLAR 
RADIATION  AT  THE  MEAN  DISTANCE  BETWEEN  THE  EARTH  AND 
THE  SUN  (G-CAL/CMVM1N) 


Sun’s 

Elevation 

Bukhta 

Tikhaya 

Barents- 

burg 

Matochkin 

Shar 

v.  Polyap- 
noye 

Wellen 

Maud 

3° 

0.38 

0.29 

0.36 

0.37 

0.39 

0.39 

10° 

0.80 

0.78 

0.81 

0.78 

0.  S3 

0.82 

20" 

1.11 

1.11 

1.11 

1.04 

1.11 

1.12 

30° 

1.28 

1.28 

1.25 

1.14 

1.25 

1.27 

35° 

1.35 

1.30 

1.18 

1.31 

1.32 

40° 



— 

1.35 

1.21 

1.34 

— 

45° 

— 

— 

— 

— 

1.37 

— 

Table  9,  based  on  data  by  Kalitin,  shows  the  observed  mean  values  of  intensity  of  solar  ra- 
diation for  several  locations  in  the  arctic.  For  comparison,  it  needs  to  be  pointed  out  that  the 
maximum  intensity  of  solar  radiation  observed  on  the  globe  (in  the  Sahara)  equals  1.58  g-cal/ 
cnr  mm. 

Table  9 demonstrates  conspicuously  the  magnitude  of  the  intensity  of  solar  radiation  in  the 
arctic  during  summer.  At  the  same  altitude  of  the  sun,  it  is,  for  instance,  considerably  higher  on 
Franz  Joseph  Lind  (in  Bukhta  Tikhaya)  than  in  Slutsk  and  Tashrent. 

On  the  average,  however,  the  radiation  in  the  arctic  is,  understandably,  considerably  less 
intense  than  at  more  southern  latitudes.  Thus,  if  the  yearly  amount  of  solar  radiation  on  Franz 
Joseph  Land,  reduced  to  perpendicular  surface,  equals  about  -Hi,  000  cal /cm2,  on  Moscow  it  will 
tie  about  104,000  cal/cm2,  on  Tashrent  about  177,000  cal /cm-. 

The  solar  energy,  pissing  through  the  atmosphere,  is  partly  absorbed,  partly  diffused.  Part 
of  the  absorbed  energy  reaches  the  earth’s  surface  in  the  form  of  long-wave  radiation,  without 
cessation  during  the  night. 

The  diffused  radiation  is  the  consequence  of  the  scattering  of  solar  energy  by  air  molecules 
anti  water  vapor  and  by  extraneous  ingredients,  such  as  dust  particles  and  water  droplets  sus- 
pended in  the  air. 

It  is  understandable  that  during  complete  cloudiness  and  during  the  twilight  only  the  diffuse 
solar  radiation  is  available.  Hence,  it  follows  that  in  the  arctic,  where  the  sun's  elevation  is 
limited  and  where  clouds  and  fog  prevail,  the  diffuse  radiation  is  of  especial  significance. 

Table  10,  which  is  based  on  data  by  Kalitin,  lists  the  maximum  diurnal  sums  of  intensity  of 
diffuse  solar  radiation  for  various  points  in  the  arctic. 

In  arctic  areas,  the  diffuse  radiation  is  considerably  more  intense  than  in  more  southern 
latitudes.  Thus,  in  Slutsk,  where  the  diffuse  radiation  had  been  continually  recorded  for  9 years, 
the  intensity  of  diffuse  radiation  did  not  exceed  0.59  cal /cm2  min,  while  in  the  arctic,  the  indi- 
vidual measurements  reached  1 cal/cm-  min.  Hence,  the  diurnal  sums  of  diffuse  radiation  in  the 
arctic  exceeded  by  almost  twice  the  sum  for  the  more  southern  latitude. 
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TABLE  10.  MAXIMUM  DIURNAL  HEAT  SUMS  OF  DIFFUSE  RADIATION  OF  THE 
ATMOSPHERE  (G-CAL/CM2) 


Points 

Year 

Month 

Sum 

Bukhta  Tikhaya 

1934 

June 

545 

Matochkin  Shar 

1933 

May 

566 

Ostrov  Uyedineniya 

1935 

May 

642 

Mastyr 

1933 

May 

583 

Bukhta  Tiksi 

1933 

May 

493 

Mys  Shmidta 

1936 

May 

604 

Slutsk 

1928 

April 

276 

Odessa 

1935 

March 

308 

According  to  observations,  the  greatest  magnitudes  of  intensity  of  the  diffuse  radiation  in 
arctic  regions  occur  with  thin  layer  of  low  clouds  attended  by  a light  snowfall  or  mild  snowstorm.* 
Such  conditions  are  frequently  observed  in  arctic  regions . 


HOURS 

Figure  3.  Intensity  of  incident  and  diffuse  radiation  at  Mys  Shmidta. 

In  figure  3 is  presented  the  dirunal  variation  of  incident  (continuous  line)  radiation  on  4 June 
1936,  and  of  diffuse  (broken  line)  radiation  on  31  May  of  the  same  year  (after  observations  by 
Kuznetsov)  at  Mys  Shmidta  in  the  Chuckchee  Sea.  The  sun's  inclination  varied  from  31  May  to  4 June 
by  only  half  a degree,  so  that  the  sun's  elevation  can  practically  be  considered  as  constant.  It 
follows  from  examination  of  the  figure  that  the  magnitudes  of  the  diffuse  and  incident  radiations  are 
practically  equal,  but  that  at  noon  the  quantity  of  diffuse  radiation  was  even  greater  than  that  of  the 
incident  radiation. 


♦These  conditions  are  characterized  by  the  greatest  illumination. 
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The  cumulative,  or  total,  radiation  consists  of  incident  and  diffuse  radiations. 

As  was  established,  during  twilight  and  under  conditions  of  dense  clouds  only  diffuse  radiation 
is  available:  at  other  times  the  cumulative  radiation  takes  place.  radiation 

Certfin  regions  *“*  certain  masons  the  diffuse  radiation  is  considerably  more  intense 

month  £ rad‘a“0n;  ^ 0therS  the  situation  is  reversed.  Thus,  at  Slutsk  in  the  "grayest" 

sunnt'  . ‘nCid6nt  radiation  makes  “P  only  22  per  cent  of  the  total  radiation  to  the 

sunniest  month,  July,  the  incident  radiation  makes  up  68  per  cent. 


TABLE  IX.  MONTHLY  SUMS  OF  CUMULATIVE  RADIATION  (G-CAL/CM2) 


Points 

Years 

April 

May 

June 

July 

Bukhta  Tikhaya  . , 

1934 

7,850 

— 

14.870 

16,080 

9,  720 

Slutsk 

1923-1933 

8,860 

11. 750 

12,290 

12,350 

Feodossiya  .... 

1926-1930 

10,700 

15.340 

15,240 

16,350 

BukhtaViSavil1  Iltin’  preSented  the  monthl-V  sums  of  cumulative  radiation  for 

BukhU  Tikhaya,  Slutsk  and  Feodossiya.  It  is  seen  from  the  table  that  in  June,  for  instance  the 

"khu  Tikhaya  is  31  per  cent  greater  than  at  SUltsk  and  8 — 


TABLE  12.  HEAT  SUMS  OF  THE  CUMULATIVE  RADIATION  IN  THE  SEAS 
OF  THE  SOVIET  ARCTIC  (G-CAL/CM2) 


Sea 

In  Year 

In  Summer 

Ice  in  cm 

Kara 

60,  000 

37,000 

830 

Laptev  .... 

67,000 

39,000 

930 

East  Siberian  . . 

80,  000 

45,000 

1. 110 

Chuckchee  . 

81,000 

45,000 

1, 120 

In  tab  e 12  are  presented  averaged  data  by  Chernigovskiy  who  calculated  the  mean  influx  of 
the  cumulative  solar  energy  for  the  seas  of  the  Soviet  Arctic,  per  year  and  summer  months  (May, 
June,  July).  In  the  last  column  is  shown  the  ice  thickness  in  cm  which  could  be  melted  by  this 
amount  of  heat  if  all  of  it  were  used  for  the  melting  of  ice. 

This  is  a very  representative  table  because  it  discloses  the  fact  that  in  the  arctic  the  ice 
regime  is  determined  mainly  by  the  portion  of  radiation  which  is  actually  absorbed  by  the  surface 
of  ice  and  water  and  not  so  much  by  the  amount  of  solar  radiation  that  reaches  the  surface. 

LITERATURE:  62,  77,  81,  82,  138. 

*This  is  confirmed  by  the  fact  that  in  1932  the  maximum  (diurnal)  value  of  the  cumulative 
solar  radiation  on  the  South  Crimean  Coast  was  450  g-cal/cm2.  During  the  cruise  in  the  Sadho 

reached450 t 'Til  ^ **  "°f  h C°aSt  °f  SpUsbergen’  the  cumulative  solar  radiation  also 

reached  450  g-cal/cm*5  per  day  according  to  VI.  A.  Verezkin. 
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Section  14.  Reradiation 

The  ocean  surface  heated  by  the  sun's  radiant  energy  is.  in  turn,  radiating  the  heat  energy 
back  into  the  atmosphere.  This  phenomenon  is  called  reradiation  (or  back  radiation). 

The  reradiation  depends  on  the  physical  properties  of  the  surface  and  its  temperature.  Rough 
surfaces  reradiate  most  intensely,  white  and  glossy  surfaces  with  lowest  intensity. 

According  to  Stefan-Boltzmann,  the  reradiation  for  an  absolutely  black  surface  equals 


E = a (273+  0*. 

in  which  = reradiation  in  g-cal/cm2  min, 
t = surface  temperature, 

a = reradiation  coefficient  equalling  8.35- 10~*2  g-cal/cm2  min. 

Calculations  based  on  this  formula  should  be  considered  the  extreme  case  because  the  re- 
radiation coefficient  of  all  surfaces  of  the  earth  is  smaller  than  that  of  an  absolutely  black  body. 
Thus,  it  is  assumed  that  for  black  earth  the  reradiation  coefficient  equals  87  per  cent,  for  yellow 
clay  85  per  cent,  for  snow  75  per  cent  of  the  reradiation  coefficient  of  a black  body.  The  re- 
radiation capability  of  water  approaches  that  of  an  absolutely  black  body. 

Because  the  temperature  of  the  ocean  (as  well  as  that  of  any  other  surface  of  the  globe)  is 
relatively  low,  the  ocean  emits  only  long-wave  rays,  the  wave-length  exceeding  0.2  microns.  This 
reradiation  is  most  thoroughly  absorbed  by  water  vapors,  and  it  is  assumed  that  even  on  clear  days 
the  quantity  ol  water  vapor  in  atmosphere  is  sufficient  for  the  absorption  of  as  much  as  90  per  cent 
of  the  earth's  reradiation. 

The  atmosphere,  heated  by  the  terrestral  reradiation,  reradiates,  in  its  turn,  heat  toward 
the  earth's  surface.  The  latter  type  of  reradiation  is  called  cross  reradiation. 

Here  lies  the  "hot-bed  effect"  of  the  atmosphere;  the  atmosphere  lets  the  light  beams  readily 
through,  but  detains  the  thermal  reradiation,  giving  it  off  to  the  earth. 

The  difference  between  the  terrestrial  and  cross  reradiations  is  called  the  "effective 
reradiation. " 

More  often  than  not,  the  sea  temperature  is  higher  than  the  air  temperature,  and  the  effec- 
tive reradiation  is  negative,  i.e. . the  sea  loses  heat.  But  in  certain  ocean  areas,  notably  in  the 
Arctic  Basin,  especially  above  the  ice,  the  temperature  of  the  air  in  summer  at  corresponding 
winds  is  considerably  higher  than  the  temperature  of  its  underlying  surface.  This  results  in  a 
positive,  effective  reradiation  which  warms  the  sea  surface. 

We  have  seen  that  in  the  arctic,  the  high  values  of  the  intensity  of  incident  solar  radiation  is 
caused  by  the  very  small  absolute  moisture  content  and  the  small  amount  of  dust  in  the  atmosphere. 
But  the  same  causes  lead  to  extremely  great  values  of  terrestrial  reradiation  at  a cloudless  sky 
and,  as  a consequence,  intense  cooling  of  the  sea  surface. 


LITERATURE:  62,  81. 


Section  15.  Evaporation  and  Condensation 

At  the  interface  between  the  air  and  water,  or  between  air  and  ice,  the  water  molecules  are 
constantly  transformed  from  liquid  or  solid  phase  into  gaseous  phase  and  vice  versa. 

U the  number  of  molecules  transmitting  into  the  gaseous  phase  is  greater  than  the  number  of 
molecules  transmitting,  simultaneously,  into  the  liquid  or  solid  phases,  we  have  evaporation. 
Otherwise  we  have  condensation. 

it  was  stilted  that  the  further  from  the  state  of  saturation  the  atmosphere  contiguous  to  the 
water  surface,  the  greater  is  the  speed  of  evaporation.  Analogously,  the  more  saturated  the  at- 
mosphere with  water  vapor,  the  greater  is  the  speed  of  condensation.  Both  evaporation  and  con- 
densation are  intensified  by  wind,  because  new  air  masses  are  involved  in  the  process. 

The  air  over  the  sea  is  almost  always  in  motion.  The  wind  brings  air  masses  of  various 
temperatures  and  moisture  contents  over  ocean  areas  with  various  surface  temperatures,  and  the 
air  masses  are  now  heated,  now  cooled.  In  the  first  case,  the  moisture  deficit  will  increase  and 
evaporation  will  be  intensified,  in  the  second  case,  on  the  contrary,  the  deficit  will  decrease  and 
the  condensation  and  the  formation  of  fog  will  lie  intensified.  The  greater  the  difference  between 
the  temperatures  of  the  surface  layers  of  the  sea,  the  more  clearly  are  the  mentioned  phenomena 
pronounced. 

The  areas  where  the  cold  and  warm  sea  currents  come  into  contact  are  characterized  by  in- 
tensified evaporation  at  winds  blowing  from  the  cold  current  toward  the  warm  current,  by  intense 
condensation  and  fog*  at  winds  blowing  from  the  warm  sea  toward  the  cold  current. 

These  phenomena  become  still  more  typical  in  areas  covered  by  the  arctic  ice  where  alter- 
nate the  underlying  surfaces  of  ice  and  water,  the  temperatures  of  which  are  different.  When 
navigating  in  scattered  to  broken  ice  at  weak  winds,  now  clearing,  now  fogging  replace  each  other 
in  connection  with  smaller  or  greater  amounts  of  ice  encountered. 

A similar  alternate  clearing  and  fogging  with  weak  winds  is  also  observed  in  the  fog  of  an  ice- 
free  sea,  but  the  origin  of  this  phenomenon  is  different.  The  point  is  that  the  sea  fog,  generally, 
does  not  propagate  high  above  the  sea  surface.  Owing  to  the  differences  of  wind  speeds  above  the 
fog,  waves  are  formed  on  the  surface  of  the  fog  that  are  completely  identical  to  the  Helmholtz 
waves  observed  at  the  lower  and  upper  surfaces  of  clouds.  Naturally,  a rarefaction  of  clouds  is 
observed  at  the  base  of  these  waves  and  a compaction  of  clouds  at  the  crest.  It  is  also  natural  that 
the  crest;  of  these  fog  waves  are  located  approximately  in  a direction  perpendicular  to  the  wind. 
Intense  intermixing  occurring  at  strong  winds  eliminates  this  phenomenon. 

The  evaporation  and  condensation  processes  continue  at  very  low  air  temperatures;  howe\er, 
the  absolute  moisture  is,  in  this  case,  so  small  that  only  a slight  mist,  and  not  fog,  is  formed  at 
cooling  and  condensation. 


♦The  greatest  producer  of  fog  is  the  cold  Labrador  current  in  the  area  where  it  comes  in  con- 
tact with  the  warm  waters  of  the  gulf  stream.  In  this  respect  is  also  known  the  area  of  Bear  Island 
where  the  water  of  the  cold  Bear  Island  current  comes  in  contact  with  the  warm  water  of  the 
Spitsbergen  and  Nordkapp  currents. 
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The  evaporation  and  condensation  resulting  from  contact  between  very  cold  air  and  relatively 
warm  sea  surface  are  no  less  typical  phenomena.  In  arctic  conditions,  the  fog  blanket  curls  over 
individual  spaces  and  cracks  in  the  ice  at  low  temperatures,  the  curling  being  reminiscent  of  steam 
over  a plate  of  hot  soup.  This  is  explained  by  the  fact  that  water  vapor  rising  from  the  sea  surface 
becomes  intermixed  with  the  contiguous  cold  air  and  is  condensed  into  clouds  of  fog  which  gradually 
dispenses. 

According  to  Mitchell  and  Albers,  for  the  formation  of  winter  fog  it  is  necessary  that  air 
temperature  be  10.6°  below  the  temperature  of  fresh  water  and  14.  40°  below  the  temperature  of  sea 
water.  In  winter,  however,  the  temperature  difference  in  the  arctic  reaches  40°. 

A stable  winter  fog  can  occur  only  under  certain  conditions.  It  is  necessary  for  the  extremely 
cold  air  to  be  covered  above  by  warmer  air  (temperature  inversion),  which  limits  convection.  In 
such  a case,  slight  evaporation  causes  super  saturation.  But  the  simultaneous  heating  may  be  in- 
sufficient for  the  formation  of  convertive  currents.  Therefore,  the  formation  of  winter  fog  in  the 
sea  can  take  place  only  over  ice  or  intensely  cooled  land*  — from  which  masses  of  very  cold  air 
may  reach  the  sea. 

Such  fog  formations  during  severe  frosts  are  observed  not  only  over  spaces  and  cracks  in  sea 
ice  but  also  over  thin  ice.  In  open  portions  of  the  sea,  only  summer  fog  is  possible.  This,  in 
contrast  to  the  winter  fog,  is  formed  only  over  a colder  sea  surface  or  over  ice. 

The  unstable  winter  fog,  as  a result  of  strong  convective  currents  formed  over  warmer  sur- 
faces, induces  intense  evaporation.  The  intense  evaporation  of  snow  and  ice  in  arctic  regions,  and 
in  winter  also  in  temperate  latitudes,  is  explained  by  the  higher  temperatures  of  the  underlying 
surface  in  comparison  to  the  air  temperatures.  Thus,  the  moisture  deficit  appears  to  be  the  main 
factor  determining  evaporation  or  condensation.  The  greater  the  moisture  deficit,  the  more  in- 
tense the  evaporation.  The  temperature  of  the  underlying  surface  and  the  air  affect  the  evaporation 
also  in  indirect  ways  — namely,  at  high  temperatures  with  the  same  quantity  of  water  vapor  in  the 
air,  the  moisture  deficit  increases.  Of  the  greatest  significance  in  this  respect  is  the  rise  of 
temperature  of  the  underlying  surface,  which  causes,  in  addition  to  an  increase  in  the  moisture 
deficit,  the  formation  of  convective  currents  which  take  away  the  particles  of  evaporating  water 
from  the  surface.  The  latter  aspect  is  of  very  great  importance.  Indeed,  the  evaporation  is  ac- 
companied by  almost  momentous  formation  of  a thin  saturated  air  stratum  at  the  sea  surface,  which 
is  slightly  cooled  and  therefore,  despite  the  fact  that  the  density  of  water  vapor  makes  up  only  about 
0.6  of  the  density  of  the  air  (this  circumstance  is  not  accounted  for  in  the  present  theories  on  evap- 
oration), it  obstructs  further  evaporation.  Convection  eliminates  this  stratum,  but  because  the 
wind  is  of  still  greater  significance,  the  evaporation  is  always  intensified  with  the  intensification  of 
wind. 


Reaching  a certain  force,  the  wind  gains  in  the  sea  special  significance  for  evaporation.  In- 
deed, as  soon  as  the  wind  starts  tearing  off  the  crests  of  waves,  minute  particles  of  water  are 
thrown  into  the  air,  which,  by  means  of  turbulent  air  movement,  are  raised  to  the  layers  that  are 
less  saturated  with  moisture  and  evaporate.  The  salt  crystals  are  carried  into  the  atmosphere 
and,  owing  to  their  hygroscopicity,  become  excellent  condensational  nuclei  for  the  formation  of 
clouds  and  fog. 


*The  Gulfs  of  Finland  and  Bothnia  of  the  Baltic  Sea  and  the  White  Sea,  due  to  their  small  sizes 
in  comparison  to  the  sizes  of  the  adjacent  land  masses,  are  typified  by  their  winter  fog.  Here  it 
sometimes  happens  that  in  winter  very  cold  air  masses  reach  the  sea  from  the  land  and  each  influx 
of  these  air  masses  involves  the  formation  of  fog  or  foggy  smoke. 
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As  wo  shall  later  see,  a certain  amount  of  salt  enters  the  atmosphere  as  a result  of  the 
freezing  process  when  ice  crystals  are  separated  and  blown  off  the  surface  of  sea  ice. 

The  evaporation  is  especially  complicated  by  the  processes  that  accompany  the  phenomenon, 
and  therefore,  not  only  are  theoretical  investigations  of  it  extremely  difficult,  but  also  direct 
measurements.  Indeed,  it  is  impossible  to  construct  instruments  which  would  completely  repeat 
the  natural  conditions.  This  explains,  among  other  things,  the  numerous  empirical  formulae  sug- 
gested for  evaporation  and  the  diverse  calculation  of  results  based  on  them. 

LITERATURE:  02,  77,  108. 

Section  16.  Evaporation  of  Snow 

In  table  13  are  presented  data  calculated  by  Schaffernak  for  the  evaporation  of  snow  and 
water:  the  calculation  was  carried  out  in  1914  in  Munchen  in  similar  climatic  conditions.  The 
evaporation  of  water  and  snow  is  expressed  if  millimeters  of  water  column.  It  is  seen  from  the 
table  that  the  evaporation  of  snow  is  more  than  twice  greater  than  that  of  water. 


TABLE  13.  EVAPORATION  OF  SNOW  AND  WATER  IN  IDENTICAL  CLfMATfC 
CONDITIONS  IN  JANUARY  1914  (EVAPORATION  IN  MM  OF  WATER 
COLUMN) 


Date 

Thickness  of 

Snow  in  mm 

Density 
of  Snow 

Evaporat  ion 
of  Snow /of  Water 

11 

215 

0.207 



— 

12 

215 

0.267 

0.0 

0.3 

13 

205 

0.297 

1.8 

0.  1 

14 

190 

0.300 

1.0 

0.5 

13 

190 

0.290  | 

1.7 

0.0 

1(1 

175 

0.200 

2.2 

0.0 

17 

140 

0.306 

0.9 

0.0 

18 

110 

0.258 

2.9 

0.8 

18 

30 

0.350 

1.  1 

0.3 

19 

Traces 

— 

0.3 

0.8 

Totals 

• 

12.5 

4.6 

It  is  evident  that  snow  evaporates  in  any  season  of  the  year  when  its  temperature,  for  one  or 
another  reason,  is  higher  than  the  temperature  of  the  air  stratum  contiguous  to  it.  A moisture 
deficit  and  convection  are  then  created  in  the  air  that  is  heated  by  snow,  which  leads  to  evaporation. 

This  is,  as  always,  intensified  by  wind.  The  evaporation  reaches  high  values  when  thaw  or  a sharp 
rise  of  snow  temperature  is  followed  by  cold  weather  and  the  air  is  little  saturated  with  moisture. 

In  such  cases,  the  radiatlonul  fog  resulting  from  intense  evaporation  is  frequent.  It  is  evident  that 
evaporation  diminishes  as  the  surface  cf  snow  is  cooled  by  evaporation,  convection  and  reradiation. 

■ 

The  evaporation  of  snow  is  of  special  significance  in  spring  mid  summer  during  stabilized 
anticyclonic  weather.  Dispite  its  high  albedo,  snow  is  continually  heated  by  incident  and  diffuse 
solar  radiation,  through  which  the  temperature  difference  needed  for  evaporation  is  preserved.  At 
night,  with  the  cessation  of  solar  radiation,  the  evaporation  ceases.  Before  the  sunrise,  such 
cases,  especially  in  calm  weather,  are  characterized  by  using  radtational  fog  which  may  sometimes 
completely  disappear  during  the  day. 

LITERATURE:  <12,  77,  140. 


Section  17.  The  Effect  of  Evaporation  and  Condensation 
on  Sea  Temperature 

Evaporation  is  accompanied  by  an  Increase  in  salinity  and  a drop  in  temperature  of  the  sea 
surface.  Condensation  is  accompanied  by  dilution  and  a rise  of  temperature. ♦ 

It  is  evident  that  the  role  of  evaporation  and  condensation  in  the  heat  balance  is  considerably 
increased  if  it  is  associated  with  individual  areas.  Especially  for  the  arctic  the  processes  are  of 
paramount  significance. 

In  this  connection  it  is  necessary  to  examine  at  the  beginning  the  local  processes  of  evapora- 
tion and  condensation,  i.e.,  the  processes  occurring  without  heat  exchange  with  the  adjacent 
areas.  It  was  stated  above  that  equilibrium  cannot  exist  in  areas  where  the  water  and  ice  come  in 
contact.  Evaporation  prevails  all  the  time  above  the  water,  and  condensation  above  the  ice.  In 
consequence,  log  is  found  more  frequently  over  areas  of  scattered  ice  and  here  the  fog  is  denser 
than  over  areas  with  open  water  or  over  concentrated  ice.  The  local  evaporation  and  condensation 
further,  evidently,  the  cooling  and  heating  of  the  sea  and  the  destruction  and  melting  of  ice,  but  the 
amount  of  heat  is  not  changed.  The  advective  heat  brought  into  the  arctic  from  the  adjacent  land 
and  sea  areas  is  of  great  significance  in  this  respect. 

Indeed,  when  warm  and  moist  air  is  brought  into  the  cold  arctic  areas,  notably  in  areas  that 
are  covered  by  ice,  large  quantities  of  heat  which  have  been  accumulated  in  lower  latitudes  at 
evaporation  are  liberated  in  the  process  of  condensation. 

The  statement  can  be  confirmed  by  the  following  example.  In  order  to  cool  1 nv'  of  air 
saturated  with  moisture,  the  initial  temperature  of  which  was  10°  to  0°,  it  is  necessary  to 
obtain  5,850  g-cal  from  the  air,  which  suffices  to  diminish  the  thickness  of  1 m2  of  ice  by 
more  than  1/2  cm. 

It  is  evident  that  the  warmer  and  moister  the  air,  and  the  stronger  the  wind,  the  more  in- 
tense is  the  heating  of  the  sea  and  the  melting  of  ice. 

If  the  qualitative  aspect  of  the  influence  of  evaporation  and  condensation  on  the  regimen  of  the 
arctic  is  indubitable,  then  the  quantitative  calculations  can  hardly  be  carried  out  at  the  present 
time,  first,  due  to  the  absence  of  sufficiently  dependable  formulae  and,  secondly,  due  to  the  ab- 
sence of  pertinent  observations  in  open  portions  of  the  sea. 

Personally.  I assume  that  the  following  formula  can  be  used  for  an  approximate  evaluation 
of  evaporation  in  the  sea.** 

E=  0.1  (<’„,  — <•,)  W, 

where  evaporation  in  24  hours  expressed  in  mm, 


♦The  change  of  salinity  caused  by  evaporation  is  considerable  in  certain  sea  areas,  for  in- 
stance, in  the  Mediterranean  and  Black  Seas.  However,  the  effect  of  these  changes  can  in  no  way 
be  compared  to  the  heat  value  of  evaporation  and  condensation  for  the  regime  of  the  World  Ocean 
and  for  the  climate  of  the  earth. 


pressure  of  saturated  water  vapor  in  me  calculated  for  the  surface  temperature  and 
salinity  of  the  ocean, 

..  pressure  of  water  vapor  in  me  observed  at  a height  of  t>  m above  the  sea  surface, 

wind  speed  in  m/sec  reduced  to  6 m above  the  sea  surface. 

It  is  evident  that  this  formula  can  be  adapted  for  the  calculation  of  heat  loss  by  the  sea  to 
evaporation  — namely, 


- 6. 1 (ew  — e,)H\ 

where  - is  expressed  in  g-cal  and  calculated  for  1 cm"  of  surface  per  day. 

When  using  these  formulae,  the  greatest  difficulties  are  encountered  in  the  computation  of 
value.  Indeed,  the  wind  speed  can  with  certain  approximation  be  determined  by  means  of  syn- 
optic charts.  The  temperature  of  the  sea  surface  changes  so  slowly  that  in  the  areas  where  regular 
oceanographic  observations  are  conducted  it  can  be  forecast  rather  accurately.  However,  the  , ■ „ 
value  varies  all  the  time  depending  on  the  air  masses  that  move  above  the  sea  at  the  given  moment. 


Figure  4.  A scheme  of  fog  with  wind  blowing  from  ice  edge. 


— ICE  “ 


lii 


Figure  5.  A scheme  of  fog  over  the  Caspian  Sea  on  31  May  1939. 


The  observations  by  coastal  hydrometeoro-logical  stations  pertaining  to  the  given  area  can  be 
significant  only  when  small  water  basins  are  investigated.  A few  examples  from  any  experiences 
can  clearly  illustrate  the  statement. 

It  was  said  that  a belt  of  relatively  scattered  ice  constitutes  an  area  with  frequently  occurring 
fog.  Figure  4 presents  schematically  the  situation  of  fog  over  the  Barents  Sea  at  weak  wind  blow- 
ing from  scattered  ice  edges.  It  is  seen  from  the  scheme  that  the  fog,  lying  tight  on  the  ice,  is 
gradually  rising  as  it  moves  away  from  the  ice  edges,  and  that,  at  a sufficient  distance  from  the 
ice,  the  fog  turns  into  cloudiness.  Figure  5 also  schematically  presents  a vertical  cross  section  of 
atmosphere  based  on  my  observations  during  the  flight  with  Vodopyanoo  over  the  Kara  Sea  on  31 
May  1939.  During  the  flight  it  seemed  that  the  aircraft  entered  the  open  mouth  of  a gigantic  mon- 
ster. The  phenomenon  was  attended  by  a weak  wind  from  the  open  sea  toward  the  ice  edge. 


Figure  6.  Distribution  of  fog  over  the  southwestern  part  of  the  Kara  Sea  on  31  May  1939. 

In  figure  6 is  schematically  presented  the  distribution  of  fog  on  the  same  day  over  the  south- 
western part  of  the  Kara  Sea.  During  our  flight,  all  the  coastal  stations  — namely,  Amderma, 
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Gugorskiy  Shar,  Matochkin  Shar,  Mys  Zhelaniya,  Ostrov  Bleyy  and  Marresale  (Mare-Sale)  — 
recorded  a complete  absence  of  cloudiness  and  a good  visibility,  which  we  could  confirm.  How- 
ever, at  the  same  time,  fog  was  hanging  over  the  central  portion  of  the  Kara  Sea,  extending  to  the 
boundary  of  ice  and  compelling  us  to  fly  at  a height  of  SO  to  100  m over  the  ice  in  order  to  be  able  to 
see  it. 

If  the  most  intense  condensation  in  the  arctic  seas  is  observed  when  winds  are  blowing  from 
large  ice-free  sections  of  the  sea,  the  most  intense  evaporation  is  observed  when  winds  are  coming 
from  icy  areas.  The  cold,  and  therefore  almost  moistless,  air  masses  travelling  over  the  open 
sea,  are  warmed  and  consequently  soak  up  moisture. 

LITERATURE:  62,  77,  176 


Section  18.  Convection 

If  the  temperature  of  the  underlying  surface  is  higher  than  the  temperature  of  the  air,  the  air 
particles  continually  heated  at  this  surface  rise  and  are  replaced  by  colder  particles;  thus,  con- 
vection is  created  which  causes  cooling  of  the  sea. 

Kuzmin  derived  the  theoretical  formula*  defining  the  heat  loss  by  the  sea  due  to  convection 
in  the  air  on  the  condition  that  the  sea  temperature  is  higher  than  the  air  temperature.  If  the  air 
temperature  and  wind  speed  are  measured  at  a height  of  6 m above  the  sea  level,  the  formula  has, 
for  average  conditions,  the  following  form: 

Wk  = '0.5  + 0d¥~  g cai/,cm2  Per  d»y 

In  this  formula 

w = wind  speed  in  m/sec, 
tw  = water  temperature, 
ta  = air  temperature. 

In  nature,  convection  in  its  pure  form  is  observed  only  under  unusual  conditions.  Usually 
the  phenomenon  is  closely  linked  with  evaporation,  because  the  heating  of  the  air  always  means  an 
increase  in  the  moisture  deficit.  This  phenomenon  is  intensified  by  the  above  mentioned  fact  that 
the  density  of  water  vapor  at  0°  equals  0.6  of  the  density  of  the  air. 

LITERATURE:  92. 

Section  19.  Effect  of  the  Sea  on  the  Air  Temperature 

As  was  observed  during  the  Challenger  expedition,  the  difference  between  the  air  and  water 
temperatures  (at  the  height  of  ship’s  bridge)  can  reach  a considerable  magnitude  only  near  the 
coast  or  near  ice.  In  the  open  sea  the  difference,  however,  fluctuates  within  the  limits  of  ±2°, 


♦The  derivation  and  form  of  the  Kuzmin  formula  is  reminiscent  of  the  Sverdrup  formula  de- 
fining the  speed  of  evaporation.  It  contains  the  difference  between  the  air  and  water  temperatures. 
This  difference  may  reach  a considerable  value  only  near  the  coast  or  ice:  in  open  sea  it  is,  how- 
ever, very  small. 
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whereby,  during  the  periods  characterized  by  the  warming  of  sea  and  over  cold  currents,  the  air 
temperature  is  somewhat  higher.  During  periods  characterized  by  cooling  of  the  sea  and  over 
warm  currents  the  air  temperature  is  somewhat  below  the  temperature  of  sea  surface. 

On  the  basis  of  340  simultaneous  observations  of  sea  surface  temperature  and  of  air  tem- 
peratures (12  m above  the  sea  level),  which  were  carried  out  during  the  Sad  ho  expedition  in  1935  in 
Greenland,  Barents  and  Kara  Seas,  1 plotted  a graph  (figure  7)  on  the  horizontal  axis  of  which  are 
laid  off  differences  between  the  water  and  air  temperatures,  and  on  the  vertical  axis  the  number  of 
observations.  In  193  cases  the  difference  fluctuated  from  -2°  to  *2°.  In  104  cases,  the  deviation 
from  0°  did  not  exceed  0.5°. 


Figure  7.  Differences  between  the  water  and  air  temperatures  in  August  and 
September  1935  in  the  Barents,  Greenland  and  Kara  Seas. 

Cases  when  the  air  was  considerably  warmer  than  the  water  occurred  when  navigating  along 
the  coast  during  offshore  winds.  Thus,  the  difference  tw-  ta  = -9°  was  observed  15  miles  to  the 
north  of  Nordkapp.  Cases  when  the  air  was  considerably  colder  than  the  water  occurred  when  nav- 
igating along  the  edge  of  concentrated  ice  during  winds  blowing  from  the  direction  of  the  ice. 

These  examples  characterize  with  sufficient  clarity  the  effect  exercised  by  the  temperature 
of  sea  surface  on  the  temperature  of  the  contiguous  air  strata,  the  eliect  being  felt  in  brief  inter- 
vals and  at  small  distances  from  areas  where  the  temperature  difference  is  great.  This  circum- 
stance, as  well  as  the  fact  that  the  sea  temperature  remains  almost  unchanged  during  these  brief 
time  intervals  (which  is  explained  by  a great  difference  between  the  heat  capacity  of  the  air  and 
that  of  the  water)  enables  us,  despite  all  the  complicity  of  the  problem,  to  arrive  at  approximate 
solutions  that  characterize  the  gradual  change  of  air  temperature  over  the  sea. 

Assume  that  the  sea  is  warmer  than  the  air  and  that  the  temperature  of  the  sea  surface  changes 
so  little  during  a given  time  interval  that  it  can,  to  a first  approximation,  be  considered  as  constant. 

The  quantity  of  heat  transferred  through  area  in  time  .!  1'  by  the  seatothe  atmosphere  equals 


dQ  =F(iw.-t„)k  dT, 


(i) 


where  tr  temperature  of  sea  surface  during  the  given  time  interval, 

0 

ta  = air  temperature  at  a given  moment  (more  precisely,  the  temperature  of  the  active 
stratum  of  atmosphere), 

= time, 

K = coefficient  of  heat  transfer,  i.e. , the  amount  of  heat  transferred  through  a unit  sur- 
face of  sea  to  the  atmosphere  in  unit  time  at  a temperature  difference  equaling  1'. 

On  the  other  hand,  in  consequence  of  heat  transfer  by  the  sea,  the  heat  content  of  the  atmos- 
phere will  increase  according  to  the  following  formula: 

dQ  = HaFCaKdta,  ^ 

in  which  Ha  = the  height  of  the  active  stratum  of  atmosphere, 
c.j  = the  heat  capacity  of  the  air, 

6 , the  density  of  the  air. 

Kquating  (1)  to  (2),  we  have 


dT  = 


Ha  ct,KF 
k F(tw,  — ta) 


(3) 


Assuming  for  brevity  that 


k 


-A, 


Ha  ? a 

ta.—ta  = y,  d)'  = 


Clta, 


we  have,  on  the  basis  of  formula  (3) 


Integrating  it,  we  have 


or 


— 47  = In 


y<„. 


-AT  = 

* u*,  t a, 


(■») 


From  which 

ta  — tw,  — (/w.  ta,)?  (3) 

Figure  8 presents  schematically  (the  lower  curve)  the  temperature  variations  with  time  in  the 
active  layer  of  atmosphere  which  are  affected  by  the  warm  sea.  Temperature  values  are  laid  off  on 
the  vertical  axis,  time  values  on  the  horizontal  axis.  It  is  seen  from  the  figure  how,  with  time,  the 
air  temperature  approaches  the  temperature  of  the  sea  surface. 

Formula  (5),  derived  by  me,  is  an  approximation.  It  is  delimited  by  the  time  interval  during 
which  the  temperature  of  sea  surface  can  be  considered  as  constant:  in  addition  it  accounts  only  for 
the  convective  air  intermixing. 
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It  is  evident  that  if  the  heat  transfer  by  the  sea  to  the  atmosphere  occurs  with  wind,  not  only 
will  convective  but  also  frictional  intermixing  take  place.  This  fact  makes  it  possible  to  enlarge 
the  application  of  formula  (5)  also  to  the  case  when  the  sea  is  colder  than  the  air.  Indeed,  in  this 
case  the  heat  transfer  is  materialized  by  frictional  intermixing,  though  convection  is  absent. 


Figure  8.  The  change  of  temperature  of  the  active  layer  of  the  atmosphere 
with  the  wind  moving  toward  the  warmer  or  the  colder  sea. 

The  curves  in  figure  8 demonstrate  a gradual  approach  of  air  temperature  to  the  temperature 
of  the  sea  surface.  The  rate  of  this  approach  increases  with  a decrease  in  the  height  of  the  active 
layer  of  the  atmosphere  and  with  increase  in  the  wind  speed.  The  rate  of  this  approach  is  greater 
for  a cold  wind  than  for  a warm  wind. 

For  utilization  of  formulae  (4)  and  (5),  it  is  necessary  to  know  the  wind  speed,  the  temper- 
atures of  sea  surface  and  air  at  the  initial  point,  and  coefficient  . In  order  to  determine  this 
coefficient,  it  is  necessary  to  know,  (in  addition  to  the  temperature  of  the  sea  surface  and  the  air 
at  the  initial  point,  and  wind  speed  and  direction),  the  air  temperature  at  at  least  one  point  upwind 
from  the  initial  point.  On  the  basis  of  formula  (4)  we  have: 

A = -%  (6) 

“ i tv,  * a, 

where  d = the  distance  to  the  point,  at  which  the  air  temperature  equals  ta,  from  the  point  at 
which  the  initial  temperatures  of  the  sea  surface  and  the  air  are  measured, 

w = wind  speed. 

It  should  be  underlined  that  on  the  basis  of  the  meaning  of  the  derivation  of  formula  (6)  one 
must  assume  that  temperatures  ta^,ta  and  tw  are  the  mean  temperatures  of  the  active  layers  of 
the  sea  and  atmosphere.  For  the  use  of  temperatures  of  sea  surface  and  the  air  at  the  height  of  the 
observer,  one  must  assume  that  the  latter  temperatures  are  proportional  to  the  mean  temperatures 
of  the  active  layers. 

In  table  14  are  shown,  for  the  sake  of  illustration,  the  computed  results  of  some  of  the  obser- 
vations carried  out  in  the  White  Sea. 
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TABLE  14.  THE  MEASUREMENT  OF  AIR  TEMPERATURE  OVER  THE  SEA 


Date 

Wind  Direction 

Wind  Speed 

In  Knots 

Distance 

In  Miles 

0 

t 

a 

0 

t 

a 

A 

7/x  1941 

♦Unskiy-Mudyug 

12 

43 

5° 

i° 

7° 

0.27 

14 /x  1941 

Kuzamen-Zhizhgin 

17 

65 

4° 

-9° 

-2° 

1.04 

UTERATURE:  77. 

Section  20.  The  Effect  of  Atmosphere  on  Sea  Temperature 

We  saw  that,  due  to  great  differences  in  heat  capacities  and  densities  of  water  and  air,  the 
air  temperature  very  rapidly  approaches  the  temperature  of  the  sea  surface  as  the  air  moves  over 
the  sea,  whereby  the  water  temperature  remains  almost  unchanged. 

Under  certain  conditions  we  can  observe  a reverse  situation  — namely,  a relatively  rapid 
variation  with  time  of  the  sea  temperature  and  an  almost  unchanged  air  temperature.  The  latter 
can  take  place  only  with  a wind  that  is  continually  bringing  to  the  sea  new  air  masses  of  the  same 
temperature.  Here  can  be  two  cases: 

1.  the  air  is  warmer  than  the  water;  only  frictional  intermixing  is  created  in  the  atmosphere 
and  in  the  sea:  the  intermixing  being  more  intense  as  the  wind  is  stronger  and  the  temperature 
difference  is  smaller; 

2.  the  air  is  colder  than  the  water;  the  frictional  intermixing  is  created  in  the  atmosphere 
and  in  the  sea;  the  intermixing  being  more  intense  as  the  wind  is  stronger,  and  the  convective  in- 
termixing being  more  intense,  as  the  temperature  difference  is  greater. 

By  the  same  reasoning  as  used  in  the  preceeding  paragraphs,  we  can  assume  that  the  amount 
of  heat  passing  through  an  area,  F , of  the  sea  surface  in  time  interval  dT  equals 

dQ  = kF(tn  — ta.)dT.  (i) 

On  the  other  hand,  the  amount  of  heat  in  the  active  layer  of  the  sea  will,  during  the  same  interval, 
become 


dQ  = HWF cw  Swdful, 

where  H..  the  thickness  of  the  active  layer  of  the  sea, 
cw  = heat  capacity  of  water, 

<5,  , - density  of  water. 


Bv  equating  them . we  have 


dT  = 


Hu.FcwK 

kF(tw-ta.) 


(2) 


♦Not  listed  in  NIS  Gazatteer  - Translator. 
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(4) 


After  integration  and  elimination  of  logarithms,  we  arrive  at  formula 

tw  — ta.  4"  (tw,  — i 


in  which  fc 

“ = u (•  s • 

If  in  figure  8,  the  air  temperature  (ta)  is  replaced  by  the  water  temperature  (tw),  and  vice 
versa,  we  have  a schemative  presentation  of  a gradual  approximation  of  the  temperature  of  water 
to  that  of  the  continually  arriving  air.  The  upper  curve  characterizes  the  case  when  the  water 
temperature  is  higher  than  the  air  temperature.  The  lower  curve  characterizes  the  case  when  the 
water  temperature  is  lower  than  the  air  temperature.  In  summer,  the  offshore  winds  correspond 
to  the  lower  curve.  In  winter,  the  offshore  winds  correspond  to  the  upper  curve.  Winds  coming 
from  icy  areas  and  passing  across  open  water  correspond  to  the  upper  curve  in  winter  as  well  as 
in  summer.  It  is  evident  that  the  upper  curve  characterized  both  convectional  and  frictional  var- 
iations of  sea  temperature,  while  the  lower  curve  only  the  frictional  variations. 


Figure  9.  The  variation  of  temperature  of  a warmer  sea  and  of  the  air  at 
various  distances  from  the  coast. 

Figure  9 schematically  presents  the  variation  of  sea  temperatures  at  various  distances  from 
a windward  coast  for  the  case  of  a colder  wind.  Simultaneously,  a gradual  but  a more  significant 
variation  of  air  temperature  is  shown  in  the  figure.  At  a certain  distance  from  the  coast,  these 
temperatures  become  almost  equalized,  approaching  a certain  temperature,  t . 

Because  the  amount  of  heat  received  by  the  atmosphere  equals  the  amount  of  heat  given  off 
during  the  same  time  by  the  sea,  we  can  write  that, 

Hwcw  dtw  = Ha  Cj  8a  dta,  <5> 

where  the  subscript  a denotes  atmosphere  and  w pertains  to  the  sea. 

On  the  basis  of  formula  (5),  we  have 

dig  _ ft,,. 

dtu,  = HJfa8a  * (f’> 
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If  t is  the  temperature  approached  simultaneously  by  the  temperature  of  the  sea  and  atmosphere, 
it  is  obvious  that 


( = /*,  — A/ * = A 

0) 

On  the  basis  of  formula  (6)  we  have 

H c 8 

A s A j “w'-w  w 

HaCja  ' 

whence,  by  the  use  of  formula  (7),  we  arrive  at 

na  ca  oa 

A j t >*’.  *<». 

, HwcwS w 
+ Haca  80 

and 

j , tw,  ia, 

l *»#  It  - £ 

ilgt  t)i'  Ogt 

+ Haca8a 

(8) 

In  analogy  we  find  that 

/ / 4-  — 

naCQoa 

HwCw$w 

(9) 

Assuming  that,  approximately, 

= 1.0,  cw  = 1 .0,  8U  = 0.0013and  ca  = 0.24, 

;.j 

we  have 

( tw.-ta.)  0.0003  Ha 
l~tw'  Hw  + 0.0003  Ha  ' 

(10) 

. , . (tw,  — ta,)Hw 

1 ~ la‘  + + 0.0003  Ha  ' 

(U) 

Assume  that  the  height  of  the  active  layer  of  the  atmosphere  equals  approximately  3,000  m, 
the  depth  of  the  active  layer  of  the  sea  is  about  30  m,  the  initial  air  temperature  is  -10°  and  the 
initial  water  temperature  is  *-2°.  On  the  basis  of  formulae  (10)  and  (11)  we  have 

/ = + 1°.6. 

If  the  coefficient  P in  formula  (4)  is  known,  it  is  possible  to  determine  approximately  the 
time  interval  during  which  the  sea  temperature  would,  under  the  influence  of  cold  wind,  drop  to 
any  given  temperature,  e.  g.  , to  the  freezing  temperature. 
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It  follows  from  formula  (4)  that  if  at  the  initial  time  moment  the  temperature  of  the  sea  sur- 
face is  everywhere  the  same,  it  will  change  with  time  so  that  the  change  would  be  greater  where 
the  differences  between  the  water  and  air  temperatures  are  greater.  This  difference  will  be  the 
greatest  at  the  coast,  no  matter  whether  a colder  or  warmer  offshore  wind  is  blowing,  and  there- 
fore, it  is  natural  that  even  with  all  the  other  conditions  being  equal  (equal  depths,  equal  vertical 
distributions  of  temperature  and  salinity)  the  coastal  water  will  be  heated  more  rapidly  by  warm 
winds  and  will  cool  more  rapidly  with  cold  winds, 

So  far  we  have  discussed  only  the  variation  of  the  temperatures  of  sea  and  atmosphere.  How- 
ever, the  temperature  difference  is  associated  with  more  than  the  process  of  heat  exchange  in  the 
restricted  sense  of  the  word.  The  temperature  difference  also  affects  the  effective  radiation, 
evaporation  and  condensation,  and  therefore,  the  derived  formulae,  appropriately  modified,  are 
applicable  to  these  processes. 

Of  special  significance  is  the  case  of  a cold  offshore  wind.  In  consequence  of  the  low  tem- 
perature, the  air  contains  only  a small  amount  of  water  vapor.  As  the  air  leaves  the  coastline  for 
the  sea,  the  moisture  deficit  is  great  and  the  evaporation  (and,  consequently,  the  cooling  of  the 
sea)  is  intense.  As  the  distance  from  the  coast  increases,  the  absolute  moisture  of  the  air  grad- 
ually increases  but,  with  it,  the  air  temperature  increases  rapidly.  Therefore,  with  distance  from 
the  coast,  the  moisture  deficit  either  decreases  slowly  or  may  even  increase  to  a degree.  But 
since  the  speed  of  evaporation  is  directly  proportional  to  the  moisture  deficit,  the  evaporation  rate 
can,  at  a cold  offshore  wind,  be  considerable,  even  for  out  in  the  open  sea. 

LITERATURE:  77. 

Section  21.  The  Effect  of  Ice  on  the  Atmosphere 

Ice  has  certain  distinctive  qualities  in  comparison  with  the  sea  and  the  land.  The  ice,  like 
the  sea,  appears  to  be  an  inexhaustible  source  of  moisture  for  the  atmosphere.  In  winter,  with 
negative  air  temperatures,  the  ice  behaves  like  the  land  with  respect  to  the  atmosphere.  The 
temperature  of  the  upper  surface  of  the  ice  determines  the  temperature  of  the  contiguous  air  stra- 
tum, if  the  latter  is  measured  in  oceanological  coordinates,  i.e.,  if  temperatures  of  the  same  air 
mass  are  determined.  The  temperature  of  the  lower  air  strata  is  very  near  that  of  the  upper  sur- 
face of  ice.  In  summer,  with  positive  air  temperatures,  the  air  masses  moving  over  the  ice  may 
be  so  well  heated  that  the  temperature  of  the  upper  surface  of  ice  remains  unchanged  — near  the 
thawing  temperature. 

In  this  connection,  the  seasonal  changes  of  air  temperature  over  the  ice  differ  from  the 
seasonal  changes  of  temperatures  over  the  open  (not  frozen)  sea  and  over  the  continent.  The 
sasonal  march  of  temperature  is  illustrated  in  figure  10:  1 — over  open  sea  (southwestern  part  of 
the  Barents  Sea),  2 — over  the  ice  of  the  Kara  Sea  (Ostrov  Myedineniya)  and  3 — over  the  conti- 
nent (Igarka). 

Insofar  as  the  temperatures  of  the  sea  and  ice  are  always  very  low  in  the  arctic,  it  very 
frequently  happens  that  the  air  temperature  increases  with  altitude  (temperature  inversion). 

In  winter  during  clear  weather,  when  the  back  radiation  is  intense,  the  temperature  of  the 
upper  surface  of  the  ice  can  be  below  the  temperature  of  the  adjacent  air  strata  by  a few  degrees, 
which  is  the  winter  inversion.  In  summer,  the  warm  air  moving  over  cold  ice  is  cooled,  and  thus 
the  summer  inversion  is  formed. 
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In  order  to  illustrate  the  phenomenon,  I shall  cite  a few  observations  conducted  by  Kuzmin  in 
August-September  1934  with  regard  to  the  air  temperature  regime  in  summer  over  the  Imat 
Glacier*  (basin  in  Zeravshan  River). 


r a a r 


malum 


Figure  10.  Graphs  of  the  seasonal  variation  of  air  temperature:  1.  over  the 
open  sea;  2.  over  the  ice  of  the  Kara  Sea;  3.  over  the  continent. 

These  observations  disclosed  that  at  the  height  of  200  cm  above  the  ice  level  the  air  tem- 
perature was  sometimes  4 or  5°  higher  than  the  air  temperature  at  a height  of  30  cm  above  the  ice 
surface.  The  average  temperature  value  for  August  at  a height  of  200  cm  was  2.7°  tor  the  first 
ten-day  period  of  September,  1.6°  higher  than  the  value  at  the  height  of  10  cm. 

The  absolute  moisture  at  the  height  of  200  cm  was  in  August  0.4  mm  less  than  at  the  height  of 
10  cm;  but  in  September  0.2  mm  less.  The  relative  moisture  at  the  height  of  200  cm  was,  for 
these  months,  16  awl  11  per  cent  lower  than  at  the  height  of  10  cm  whereas  the  moisture  deficit  at 
the  height  of  200  cm  was  approximately  twice  greater  than  at  the  height  of  10  cm. 

When  analyzing  his  observations,  Kuzmin  remarks  that  over  glaciers  the  air  temperature  in 
the  day  follows  almost  regularly  the  intensity  of  solar  radiation,  whereas  over  the  sea  and  land, 
the  air  temperature  maximum  is  delayed,  because  in  these  cases  the  air  is  heated  from  below.  The 
temperature  minimum  is  observed  before  sunrise.  The  maxima  of  absolute  and  relative  moisture 
are  usually  observed  after  the  sunset,  and  the  minima  before  the  sunrise.  It  is  evident  that  the 
results  of  observations  by  Kuzmin  cannot  be  completely  transferred  to  the  arctic  ice  fields,  but 
they  give  an  idea  on  the  trends  of  these  processes. 


♦Not  listed  in  NIS  Gazatteer.  Possibly  Lednik  Zeravshanskiy.  — Translator. 
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TABLE  15.  THE  DISTRIBUTION  OF  AIR  TEMPERATURE  OVER  ICE 
AT  OSTROV  CHETYRYEKI.STOLCOVOY  ON  JULY  1925 


Height  Over  Ice  in  Meters 

0.003 

0.010 

4.5 

30 

Temperature 

3°. 3 

4”. 6 

5*. 2 

16°.  8 

The  summer  Inversion  was  noted  long  ago  in  the  arctic  basins.  The  whalers  had  noticed  then 
on  the  leeward  side  of  icebergs  the  wind  was  much  warmer  than  on  the  windward  side.  This  is  ex- 
plained by  the  fact  that,  while  passing  over  the  icebergs,  the  warm  air  masses  "curl"  and  descend 
toward  the  sea  surface. 

The  most  surprising  example  of  the  summer  inversion  is  the  distribution  of  air  temperature 
over  the  ice  at  Ostrov  Chetyreklstolcovoy,  according  to  the  N iuJ  observations  carried  out  in  July 
1925  during  a southeasterly  wind,  (l.e. , blowing  from  the  heated  coast)  (table  15). 

The  conditions  characterizing  the  possibility  of  formation  of  a strong  summer  Inversion  are 
well  explained  by  the  following  examples. 

At  0700  on  4 July  1943,  the  air  temperature  at  Pevek  was  *22°  with  southwesterly  winds, 
force  6,  while  at  Mys  Shelagskiy  the  temperature  was  *27°  with  southeasterly  wind,  force  6.  At 
1300  on  5 July  1943,  the  temperature  in  Bukhta  Jiksi  was  ^23°  with  a southwesterly  wind,  force  8. 
In  these  cases,  the  winds  had  been  blowing  from  the  shores  to  the  ice-covered  sea.  It  is  natural 
that  a clearly  pronounced  inversion  could  have  been  observed  at  some  distance  from  the  coast. 


Figure  11.  The  vertical  temperature  distribution  over  Franz  Joseph  Land 
in  various  seasons. 

In  general,  the  summer  Inversion  is  usual  and  ubiquitous  in  the  arctic.  This  is  proven,  for 
instance,  by  figure  11  taken  from  Guterman:  the  figure  shows  the  vertical  temperature  distribution 
by  seasons  over  Franz  Joseph  Land. 

LITERATURE:  43,  77,  93,  175. 
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Section  22.  The  Cooling  of  the  Sea 

As  we  have  seen,  the  cooling  of  the  sea  surface  is  brought  about  by  three  processes:  radi- 
ation, convection  and  evaporation. 

Other  conditions  being  equal,  the  effective  radiation  is  proportional  to  the  difference  of  the 
fourth  powers  of  the  water  and  air  temperatures.  Convection  is  proportional  to  the  water-air 
temperature  difference  and  wind  effect.  Evaporation  is  proportional  to  the  moisture  deficit  and 
wind  effect.  The  moisture  deficit  is,  in  turn,  a direct  function  of  the  water-air  temperature  dif- 
ference. Thus,  all  of  the  three  processes  that  cool  the  sea  surface  are  directly  proportional  to  the 
water-air  temperature  difference,  but  convection  and  evaporation  are,  in  addition,  proportional  to 
wind  speed. 

On  the  whole  it  could  be  said  that  the  cumulative  speed  of  cooling  of  the  sea  and  ice  is  di- 
rectly proportional  to  the  temperature  difference  and  wind  speed. 

In  order  to  investigate  the  effect  of  temperature  difference  and  wind  on  the  rate  of  cooling  of 
water,  Bodman  carried  out  special  observations  during  the  Swedish  Antarctic  Expedition  from  1901 
to  1903.  He  measured  the  time  needed  for  the  cooling  of  water  in  an  open  container  from  30°  to 
20°  at  various  air  temperatures  and  wind  speeds,  and  presented  the  relationship  by  the  following 
empirical  formula: 

C=  (1—0.04/°)  (1  +0.27  w), 

where  t - air  temperature, 

w = wind  celerity  in  m/sec, 
c - coefficient  of  "severeness”  of  weather. 

In  table  16  are  listed  the  values  of  "severness"  calculated  by  me  for  certain  points  of  the 
Soviet  Arctic. 

In  the  marginal  seas  of  the  Soviet  Arctic,  especially  in  coastal  areas,  the  air  temperature  is 
higher  in  summer  and  lower  in  winter  than  the  water  temperature.  The  time  moment  when  the  air 
and  water  temperatures  become  equal  marks  the  beginning  of  winter  cooling  in  the  seas.  However, 
the  determination  of  the  moment  of  temperature  equalization — as  well  as  the  moment  when  the  air 
temperature  passes  0°  for  individual  points  on  the  earth's  surface,  the  significance  of  which  is  not 
smaller  for  the  cooling  of  the  sea  and  the  subsequent  ice  formation— is  a very  difficult  task,  which 
can  be  accomplished  with  an  accuracy  that  is  sufficient  for  practical  purposes  only  by  means  of  a 
multiannual  cross  section. 

If,  however,  the  conditions  of  individual  years  are  examined,  repeated  air  temperature  tran- 
sitions across  the  sea-air  temperature  equalization  point  and  0°  are  observed  at  each  individual 
point  of  the  sea,  which  is  explained  by  continual  shifts  in  synoptic  processes. 

In  the  latter  relationship  we  have  to  take  into  consideration,  first,  the  shift  of  natural  syn- 
optic periods,  which  continues  in  the  arctic  for  approximately  7 days  and  determines  the  general 
character  of  the  weather  for  this  time  period,  and  secondly,  the  passage  of  one  or  the  other  basic 
system  across  the  given  point. 


48 


r 


TABLE  16.  "SEVERNESS"  OF  WEATHER  IN  THE  WESTERN  SECTOR 
OF  THE  ARCTIC  IN  1939 


^~'~'~'-^Points 

Month  

Gugorskiy 

Shar 

Mys 

Chelyuskin 

Mys 

Zhelaniya 

Ostrov 

Rudolfa 

Sed  o u 

January  . 

5.71 

6.28 

7.15 

5.48 

February 

4.41 

5.01 

5.79 

4.91 

March 

4.40 

6.88 

5.83 

7.04 

5.44 

April 

5.02 

4.02 

7.53 

6.26 

5.01 

May 

3.87 

3.17 

3.52 

3.33 

4. 19 

June 

2.72 

2.99 

3.61 

2.29 

3.21 

July 

2.26 

2.26 

1.96 

1.65 

2.21 

August 

1.83 

2.78 

2.57 

2.26 

2.43 

September 

2.22 

3.18 

3.80 

3.74 

3.78 

October 

3.18 

4.33 

3.95 

4. 18 

4.56 

November 

3.45 

5.92 

5.01 

4.67 

5.04 

December 

3.78 

5.67 

5.18 

4.52 

5.63 

For  the  Year  . . , 

3.62 

4.28 

4.52 

4.41 

4.33 

The  latter  is  of  the  greatest  practical  interest  also  with  respect  to  phenomena  associated 
with  the  passage  of  basic  systems.  Therefore,  it  is  necessary  to  outline  the  phenomenon  by  exam- 
ining the  simplest  aspect  of  it. 

Assume  that  a cyclone  crosses  the  Kara  Sea  from  west  to  east,  following  approximately  the 
direction  of  the  parallels  (latitude).  At  all  points  located  to  the  south  of  the  line  marked  by  the 
center  of  the  cyclone  the  winds  shift  clockwise,  approximately  from  southwesterly  directions,  over 
southerly  and  southwesterly,  to  westerly  and  northwesterly  directions.  The  winds  of  the  southern 
half  of  the  horizon  are  attended  by  a decreased  air  temperature,  cloudiness,  fog  and  precipitation, 
which  are  especially  typical  before  the  warm  front  of  a cyclone.  In  the  rear  of  a cyclone,  after  the 
passage  of  cold  front  in  connection  with  the  shift  of  winds  to  northwesterly  and  northerly,  the 
weather  abruptly  changes  and  the  air  temperature  sharply  drops.  Thus,  in  July,  for  instance,  the 
wind  blowing  from  easterly  to  southwesterly  directions,  inclusive,  in  the  Gugorskiy  Shar  area  are 
attended  by  positive  deviations  of  air  temperature  from  the  mean  valve  with  maximum  deviation 
occurring  during  southerly  winds. 

The  winds  blowing  from  westerly  to  northeasterly  directions  are  attended  by  negative  devi- 
ations with  the  maximum  negative  deviation  during  northerly  winds.  It  stands  to  reason  that  the 
directions  of  the  winds,  which  create  these  deviations,  depend  on  the  land  contours,  and  on  the 
presence  and  form  of  considerable  water  and  ice  areas  in  the  vicinity.  In  any  case,  each  passage 
of  one  or  the  other  of  the  basic  systems  across  a given  point  creates  the  alternation  of  increased 
and  decreased  air  temperatures — peculiar  warm  and  cold  waves  affecting  the  sea  regime. 

In  connection  with  a gradual  decrease  in  daylight  and  solar  radiation  in  autumn,  as  well  as  in 
connection  with  a gradual  cooling  of  adjacent  sea  and  land  areas,  the  warm  and  the  cold  waves  be- 
come colder.  At  the  beginning  of  autumn,  the  air  temperature  in  the  warm  sector  of  the  cyclone 
still  remains  higher  than  the  water  temperature.  At  the  end  of  autumn,  the  temperature  drops,  so 
that  the  cooling  of  the  sea  is  not  interrupted  even  with  the  passage  of  the  warm  sector  of  the  cy- 
clone, but  is  only  somewhat  retarded. 
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In  addition  to  the  alternation  of  warm  and  cold  waves,  one  must  remember  that  each  sub- 
sequent cyclone  in  each  series  of  cyclones  passes  somewhat  to  the  south  of  the  preceding  cyclone 
and  that  after  the  passage  of  the  last  cyclone  of  a given  series  a cold  wave  penetration  occurs. 

During  the  first  natural  synoptic  period  in  the  Kara  Sea,  which  lasted  from  1 to  9 October 
1943,  several  centers  of  cyclones  moved  subsequently  from  the  Barents  Sea  approximately  along 
the  longitude  of  Gugorskiy  Shar;  during  the  second  period,  from  10  to  17  October,  the  center  of  cy- 
clone intersected  the  Kara  Sea,  moving  in  a southeasterly  direction  from  Franz  Joseph  Land.  Dur- 
ing the  third  period,  from  18  to  24  October,  the  center  of  a cyclone  intersected  the  southern  portion 
of  the  Kara  Sea,  moving  in  a southeasterly  direction.  During  the  fourth  period,  from  24  to  31 
October,  no  center  of  any  cyclone  was  observed  in  the  Kara  Sea. 

As  a result  of  such  development  of  synoptic  processes,  winds  blowing  from  the  southwesterly 
quadrant  were  not  observed  on  Ostrov  Uyedineniya  after  October,  1943.  After  19  October,  easterly 
winds  became  established  and  air  temperatures  began  to  decrease  rapidly.  On  24  October,  the 
first  ice  appeared  and  as  early  as  27  October  the  air  temperature  dropped  to  -14°. 

Thus,  the  cooling  of  the  sea  always  occurs  by  leaps.  Each  of  the  leaps  is  characterized  by 
the  duration  and  intensity  of  a cold  wedge  of  air.  In  consequence,  at  a certain  time  the  temperature 
of  the  upper  water  layers  drops  to  the  freezing  point.  The  continuation  of  a given  cold  wave  or  the 
arrival  of  a new  one,  even  if  insignificant,  appears  to  be  sufficient  for  the  beginning  of  ice 
formation. 

The  cooling  of  the  sea  surface  to  the  freezing  point  is,  however,  determined  not  only  by  syn- 
optic but  also  by  oceanological  conditions.  Indeed,  the  rate  of  cooling  of  the  sea  is  measured  by  the 
amount  of  calories  given  off  to  the  atmosphere  by  a unit  surface  of  the  sea  in  a unit  time.  But  this 
number  of  calories  is  not  at  all  proportional  to  the  decrease  of  temperature  of  the  sea  surface.  As 
we  shall  see  below,  the  amount  of  heat  given  by  the  sea  to  the  atmosphere,  at  the  same  air  temper- 
ature and  initial  temperature  of  sea  surface,  in  order  to  lower  the  temperature  of  the  latter  to  the 
freezing  point  can  be  extremely  variable,  even  for  areas  lying  very  near  each  other.  As  a rule,  the 
smaller  the  depth,  the  more  abrupt  is  the  lowering  of  the  surface  temperature. 

If  the  surface  layer  is  very  thin  and  its  salinity  so  low  that,  even  when  cooled  to  the  freezing 
temperature,  the  density  of  the  surface  layer  remains  lower  than  the  density  of  the  underlying 
layers,  radiation  alone  may  suffice  for  the  cooling  of  the  surface  layer  to  the  freezing  point  and  for 
subsequent  ice  formation,  despite  the  high  temperature  of  the  subsurface  water  layers  and  high 
temperature  of  the  air. 

Thus,  if  the  surface  layer  is  thin  and  the  water  is  sufficiently  stratified,  its  cooling  to  the 
freezing  temperature  occurs  at  the  greatest  possible  speed  when  the  frost  is  severe,  the  sky  is 
clear  (intense  reradiation)  and  the  wind  is  absent. 

The  wind  brings  about  a rapid  drop  in  temperature  of  the  surface  layer  to  the  freezing  point 
only  if  its  force  is  insufficient  to  intermix  the  surface  layer  with  the  warmer,  lower  layers.  Other- 
wise, not  only  can  the  temperature  of  surface  layer  rise,  but  the  ice  that  has  been  formed  can  be 
destroyed.  With  wind  and  low  air  temperatures,  on  the  other  hand,  the  cooling  involves  at  once  a 
large  water  mass;  as  soon  as  the  freezing  temperature  is  reached,  ice  formation  begins  at  once  in 
the  entire  layer  that  has  been  cooled. 


LITERATURE:  62,  73,  77. 
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Section  23.  Precipitation 

Precipitation  always  dilutes,  to  a degree,  the  surface  layers  of  the  ocean.  In  the  arctic,  the 
amount  of  precipitation  is  so  limited  that  it  is  practically  of  no  significance. 


TABLE  17.  THE  AMOUNT  OF  PRECIPITATION  (IN  MM)  IN  THE  ARCTIC  IN  SUMMER 


Points 

June 

July 

August 

September 

Total 

Number  of  Days 
with  Precipitation 

Gugorskiy  Shar 

20 

26 

35 

34 

115 

58 

Matochkin  Shar 

11 

35 

37 

37 

120 

47 

Mys  Zhelariya 

13 

25 

32 

17 

87 

50 

Bukhta  Tikyaya 

7 

21 

29 

19 

76 

51 

Ostrov  Dikson  (Dlksona)  . . . 

16 

25 

37 

30 

108 

57 

Bukhta  Jiksi 

14 

43 

21 

21 

99 

47 

Ostrov  B.  Lyakhovskiy  . . . 

11 

14 

18 

12 

55 

39 

Mys  Shmidta  

9 

21 

45 

20 

95 

? 

Ostrov  Vrangelya 

14 

23 

23 

16 

76 

39 

Uelen 

13 

41 

45 

53 

152 

40 

Fra. 7i  (1894-1895) 

3 

18 

3 

1 

25 

70 

Sedov  (1939) 

4 

22 

15 

5 

46 

39 

Table  17,  based  on  data  by  Vize,  lists  the  amount  of  precipitation  in  summer  at  certain 
points  in  the  Soviet  Arctic.  The  quantity  of  precipitation  in  solid  form  in  winter  is  impossible  to 
determine  because  of  problems  with  instruments.  * 

The  extremely  small  amount  of  precipitation  listed  in  table  17,  especially  for  arctic  islands, 
is  noteworthy. 

The  precipitation  increases  somewhat  in  autumn  (October  to  November)  but  during  the  winter 
months  (December  to  April),  with  prevailing  clear  weather  and  low  temperature,  it  drops  to  min- 
imum values.  ** 

The  same  table  lists  the  mean  amounts  of  precipitation  in  1894-1895,  on  the  basis  of  the  Frarn 
observations,  and  in  1939,  on  the  basis  of  the  Sedov  observations.  We  can  see  the  small  amount 
of  precipitation  in  the  central  arctic  in  comparison  to  the  amount  in  its  marginal  seas. 

Another  characteristic  of  the  arctic  is  the  great  number  of  days  with  precipitation  versus  the 
small  amount  of  precipitation.  Drizzling  rains  and  drizzles  are  the  prevailing  forms  of  precipi- 
tation in  summer. 

♦First  of  all,  the  snow  falling  at  low  temperature  in  the  form  of  minute  particles  is  easily 
blown  out  of  snow  gages  and,  secondly,  in  strong  snowstorms  and  blizzards,  the  snow  is  continu- 
ously transferred  from  one  place  to  another,  denuding  the  ice  in  one  place  and  forming  snowdrifts 
elsewhere. 

♦*  It  should  be  noted  that,  generally,  the  coastal  meterologlcal  observations  do  not  give  an  idea 
on  the  regime  of  precipitation,  even  in  the  adjacent  parts  of  the  ocean.  Indeed,  rising  currents  are 
formed  with  sea  winds  on  leeward  slopes  of  mountains,  which,  in  connection  with  a drop  in  the  tem- 
perature of  air  masses,  induce  the  condensation  of  water  vapor  and  precipitation,  while  at  a small 
distance  from  the  coast  no  precipitation  takes  place.  I repeatedly  observed  this  phenomenon  when 
cruising  along  the  north  coast  of  Norway  and  Murman  during  northwesterly  winds  and  along  the 
west  coast  of  Novaya  Zemlya  during  southwesterly  winds. 


51 


An  additional  characteristic  of  the  arctic  is  precipitation  in  the  form  of  snow  and  hall  in  sum- 
mer, which  can  be  expected  any  month  of  the  year  in  all  the  seas  of  the  Soviet  Arctic.  On  the 
other  hand,  along  the  ice  edges  of  the  Greenland  and  Barents  Seas,  rain  is  possible  even  in  the 
winter  time.  Thus,  on  8 January  1940,  the  Sedou  expedition  reported  rain  at  80°45 ' north  latitude 
and  at  latitude  2°28'  east  longitude. 

Icy  rain  is  only  rarely  observed  in  the  arctic.  Such  rain  was  observed  during  the  S :d  hn  ex- 
pedition at  the  end  of  August  1935  along  the  east  coast  of  Franz  Joseph  Land. 

As  a rule,  precipitation  lowers  the  surface  temperature  of  the  World  Ocean.  Indeed,  the 
temperature  of  precipitation  is  usually  somewhat  lower  than  the  temperature  of  the  air,  and  the 
latter  is  usually  lower  than  the  temperature  of  the  sea.  Cold  currents  and  coastal  areas  of  seas  in 
summer  and  at  offshore  winds  are  exceptions  to  this  rule. 

Also,  in  this  respect,  the  effect  of  the  insignificant  amount  of  precipitation  in  the  liquid  phase 
is  limited  in  the  arctic.  The  effect  is  more  significant  in  regard  to  the  precipitation  occurring  in 
the  solid  phase  on  the  ice-free  sea  surface,  or  in  the  liquid  phase  on  ice. 

The  liquid  precipitation  on  snow  or  ice  in  spring  and  summer  is  characterized  by  its  warm- 
ing, radiational  and  mechanical  effect. 

The  thermal  effect  lies  in  a certain  increase  of  temperature  or  even  in  the  melting  of  a cer- 
tain amount  of  snow.  It  is  not  difficult  to  show  that  the  thermal  effect  of  even  a heavy  rainfall  is 
insignificant. 

The  radiational  effect  lies  in  the  lowering  of  the  albedo  of  snow  as  a result  of  moistening. 
Thus,  after  a rainfall,  the  ability  of  snow  to  absorb  radiation  is  considerably  increased. 

The  mechanical  effect  lies  in  the  fact  that  the  rain  drops,  penetrating  into  the  snow  make  it 
porous.  In  the  consequence,  the  area  of  the  snow  surface  that  receives  radiation  is  increased.  In 
addition,  part  of  the  snow  is  washed  out  to  sea. 

The  role  of  solid  precipitation  is  determined  by  the  following  facts: 

1.  The  solid  precipitation  on  ice-free  areas  of  water  before  the  winter  has  set  in  lowers  the 
surface  temperature  of  the  ocean,  but  if  the  temperature  is  near  the  freezing  point,  the  solid  pre- 
cipitation accelerates  ice  formation. 

In  the  latter  case,  a special  type  of  ice — snow  slush — can  be  formed  if  the  snowfall  is  heavy. 

2.  Solid  precipitation  falling  on  ice  in  summer  increases  the  albedo  of  the  ice,  thus  retard- 
ing its  melting. 

LITERATURE:  34,  62,  77. 

Section  24.  Coastal  Precipitation 

The  coastal  precipitation  on  the  seas  of  the  Soviet  Arctic  has  several  characteristics: 

1.  More  than  half  of  the  entire  river  influx  is  received  by  the  Kara  Sea,  and  the  influx  de- 
creases toward  the  east. 
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TABLE  18.  THE  MEAN  ANNUAL  DISCHARGES  (IN  KM3)  OF  THE  MAIN 
SIBERIAN  RIVERS  INTO  THE  ARCTIC  BASIN  ON  THE  BASIS 
OF  DATA  BY  THE  ARCTIC  INSTITUTE 


River 


Discharge  in  km 


Genisey 

Ob'  

Discharge  of  all  rivers  into  the  Kara  Sea  . . . 

Khatanga 

Anabara  

Olenek  . 

Lena 

Gana 

Discharge  of  all  rivers  into  the  Laptev  Sea  . . 

Indigirka 

Alazeya  

Kolyma 

Discharge  of  rivers  into  the  East  Siberian  Sea 
Discharge  into  the  Kara,  Laptev  and  East 

Siberian  Seas  


663 

583 

1583 

70 

15 

37 

506 

40 

731 

54 

10 

112 

211 


3 


Table  18  shows  the  annual  influx  in  km3,  from  the  main  Siberian  rivers  discharging  into  the 
Arctic  Basin.  It  is  seen  from  the  table  that  the  discharge  of  four  rivers — Ob',  Genisey,  Lena  and 
Kolyma — makes  up  more  than  74  per  cent  of  the  entire  continental  runoff. 

2.  The  rivers  that  discharge  their  waters  into  the  seas  of  the  Soviet  Arctic  flow  in  a south  to 
north  direction.  Therefore,  their  waters  heat  the  adjacent  sea  areas.  The  mean  temperature  of 
influx  into  the  Kara  Sea  equals  6.0°,  into  the  Laptev  Sea  8.8°,  into  the  East  Siberian  Sea  8.3°. 

3.  Due  also  to  this  fact,  ice  in  the  river  estuaries  breaks  up  before  the  breakup  occurs  in 
the  adjacent  seas;  this  breakup  occurs  partly  under  the  impact  of  high  water  progressing  from 
south  to  north  (dynamic  action)  and  partly  because  of  high  temperatures  of  fluvial  waters  (thermal 
action).  Because  the  melting  in  the  arctic  progresses  always  from  fresh  water  areas,  which  are 
formed  by  different  causes,  the  river  estuaries  are  usually  the  centers  of  initial  ice  melting. 

4.  Diluted  waters,  especially  in  the  shallows,  freeze  over  before  the  more  saline  sea  water. 
Therefore,  river  estuaries  are  the  initial  centers  from  which  ice  formation  progresses  into  adja- 
cent areas. 

5.  The  sharply  pronounced  seasonal  character  of  continental  runoff  demands  our  attention. 
This  season  character  is  explained  by  the  fact  that  all  of  the  rivers  run  over  permanently  frozen 
ground.  As  a consequence,  these  rivers  are  not  fed  by  the  ground  water.  In  addition,  small 
rivers  that  flow  over  the  tundra  freeze  to  the  bottom  over  rifts.  Thus,  for  instance,  more  than 

90  per  cent  of  the  entire  annual  discharge  of  the  Gana  River  enters  the  Arctic  Ocean  during  the  3.5 
summer  months  (without  ice). 

6.  The  quantity  of  continental  runoff  does  not  determine  the  amount  of  heat  brought  into  the 
sea  by  rivers.  The  heat  amount,  expressed  in  kg-cal  (multiplied  by  1012),  which  is  discharged  by 
rivers  annually  into  the  Soviet  Arctic  seas  is  according  to  Antonov  and  Zotln,  as  follows:  9500  for 
the  Kara  Sea,  6400  for  the  Laptev  Sea  and  1750  for  the  East  Siberian  Sea.* 


♦These  figures  are  rounded  off. 


Thus,  the  significance  of  the  continental  runoff  into  the  Laptev  Sea  is  increased  on  account  of 
the  heat  discharged  by  the  Lena  River. 

7.  The  quantity  of  heat  brought  by  rivers  into  the  sea  is  subjected  to  considerable  seasonal 
fluctuations.  Indeed,  the  entire  heat  discharged  by  rivers  flows  into  the  sea  during  the  five  summer 
months.  During  the  summer  season  the  heat  discharge  is  also  variable.  This  can  be  seen  from 
table  ID  (after  Antonov). 


TABLE  19.  HEAT  AMOUNT  (BY  MONTHS)  BROUGHT  BY  RIVERS  INTO  THE  KARA  SEA 


Month 

June 

July 

August 

September 

October 

Season 

Heat  amount 

(109 * * 12  kg-cal) . . . 

1,530 

3,410 

2,120 

900 

180 

8,140 

Percentages  . . . 

18.8 

41.8 

26.1 

11.0 

2.3 

100 

Antonov  directs  our  attention  to  the  fact  that  approximately  half  of  the  whole  heat  of  the  Kara 
rivers  is  discharged  during  a single  month,  July.  This  heat  is  spent,  on  the  one  hand,  on  direct 
destruction  of  ice  and,  on  the  other  hand,  for  the  warming  of  atmosphere  and  the  subsequent  melting  of 
ice.  It  is  not  difficult  to  see  that  the  heat  discharged  by  the  Kara  rivers  could  melt  approximately 
60,000  km-  of  ice  with  the  average  thickness  of  2m. 

8.  The  annual  runoff  as  well  as  the  amount  of  heat  discharged  by  the  rivers,  does  not  remain 
constant  from  year  to  year.  Table  20  presents  the  calculation  of  annual  discharges  of  the  Genisey 
River  at  the  Town  of  Igarka,  on  the  Ob'  River  at  the  town  of  Salekhard,  and  of  the  Lena  River  at  the 
town  Kyusyur. 


TABLE  20.  ANNUAL  VARIATION  IN  THE  DISCHARGE  OF  THE  OB', 
GENISEY  AND  LENA  (IN  KM3) 


Year 

Rivers 

1935 

1936 

1937 

1938 

1939 

Ob' 

374 

355 

361 

389 

371 

Genisey  .... 

636 

599 

615 

590 

564 

Lena 

582 

470 

509 

587 

434 

Total  . . . 

1,592 

1,424 

1,485 

1,566 

1,369 

By  compuring  the  value  of  the  continental  runoff  with  the  ice  conditions  in  the  Kara  Sea, 
lebedev  arrived  at  the  conclusion  that  the  intensification  of  river  influx  is  associated  with  improve- 
ment of  ice  conditions. 

9.  The  river  influx  dilutes  the  sea  water  to  a degree.  This  influence  progresses  to  a rather 
great  distance.  Thus,  for  instance,  with  a few  exceptions,  the  salinity  of  surface  waters  in  the  en- 

tire southwestern  part  of  the  Kara  Sea,  which  is  bounded  to  the  north  by  a meandering  line  from 

mys  Zhelantya  across  Ostrov  Uyedineniya  to  Severnaya  Zemlya  with  tongues  reaching  into  ;ireas  in- 

fluenced by  the  corresponding  currents,  is  lower  than  30  o/oo. 
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...  The  rIver  il>nux  affects  the  system  of  sea  currents  in  the  adjacent  areas  and  because  of 

this,  the  movement  and  distribution  of  sea  ice. 

LITERATURE:  6,  7.  62,  77,  98. 

Section  25.  A Concept  on  the  Heat  Balance 

For  simplicity,  let  us  dispense  with  the  effect  of  continental  runoff,  which  is  felt  mainly  in 
the  coastal  belt,  and  the  effect  of  precipitation. 

In  such  a case,  the  variation  of  sea  temperature  in  oceanological  coordinates  will  be  caused 
by  the  cumulative  radiation  by  effective  back  radiation  of  the  water-air  system  by  convection,  con- 
densation and  evaporation.  The  intention  in  singling  out  these  processes  for  elucidation  of  the  sig- 
nificance of  each  aspect  individually  is  natural.  But  the  conditions  existing  in  nature  are  diverse 
the  observational  methods  are  very  incomplete  and  the  observations  in  open  sections  of  the  ocean’ 
are  altogether  inadequate. 

It  is  known  that  the  wind  is  one  of  the  main  elements  determining  the  regimen  of  the  sea.  It 
is,  for  instance,  assumed  that  the  rate  of  evaporation  is  directly  proportional  to  the  speed  of  wind. 
Besides,  it  is  known  that  along  the  coast  the  direction  and  velocity  of  wind  may  differ  greatly  from 
the  observed  values  in  the  sea.* 

Thus,  for  instance,  on  the  coast  of  the  Chuckchee  Sea,  the  wind  roses  have  an  elliptical  form 
with  the  longer  axis  stretched  along  the  coastline,  which  is  explained  by  the  coastal  contours. 

Local  breezes  are  constantly  observed  along  the  coast;  breezes  are  induced  by  irregular  heating 
and  cooling  of  land  and  sea  when  nights  alternate  with  days,  whereas  local  monsoons  are  induced  by 
irregular  heating  and  cooling  of  land  and  sea  in  summer  and  winter. 

Hence,  it  is  natural  that  the  most  correct  way  of  studying  the  problems  that  are  associated 
with  heat  exchange  between  the  sea  and  atmosphere  is,  in  the  first  place,  to  examine  the  observa- 
tional data,  even  if  their  scope  is  limited,  which  pertain  to  the  open  sea,  and  to  resort  to  synoptic 
charts;  whereas  the  observations  made  at  coastal  stations  on  wind,  temperature,  moisture,  solar 
radiation,  etc,  need  be  considered  only  as  supplementary  data. 

It  seems  to  me  that  the  greatest  influence  on  the  ice  regime  of  the  Soviet  Arctic  is  exercised 
by  the  temperature  and  moisture  of  the  air,  on  the  one  hand,  and  by  the  direction  and  velocity  of 
wind,  on  the  other.  The  temperature  and  moisture  of  the  air  characterizes  the  content  of  heat  and 
cold  in  the  air.  If  the  air  is  warmer  than  the  sea,  its  heating  effect  is  determined  by  the  heat  of 
condensation;  if  the  air  is  colder  than  the  sea,  its  cooling  effect  is  determined  by  the  heat  of  evap- 
oration. The  role  of  wind  speed  is  manifest  in  the  involvement  of  heat  exchange  between  large  air 
masses.  This  is  of  special  significance  at  relatively  warm  winds  when  the  lower  air  strata,  cooled 
by  sea  surface,  protect  the  sea  from  further  heating.  At  strong  winds,  this  layer  is  eliminated, 
and  the  level  of  the  temperature  inversion  rises.  At  colder  air  the  importance  of  wind  speed  de- 
creases, because  convection  is  decisive  in  this  case. 

The  wind  direction  is  of  interest  because  it  determines  the  area  from  which  the  air  masses 
are  coming,  and  thus  determines  to  a degree  the  air  temperature  and  moisture. 

■ ^ the  Novaya  Zembya  t oss,  blowing  with  exceptional  force  along  the  coast 

of  the  island  is  well  known,  but  it  is  entirely  unnoticeable  at  a distance  of  a few  kilometers  from  the 
coast. 


TABLE  21.  THERMAL  WIND  ROSES  IN  SUMMER 


Points 

Month 

N 

_ 

NO 

O 

SO 

s 

SW 

W 

NW 

Amplitude 

Gugorskiy  Shar  . 

July 

2°. 3 

3°. 4 

7 

°.  9 

13°. 7 

14°. 7 

8°. 8 

5°. 7 

3°. 6 

12°. 4 

O.  Diksona  . . 

July 

1 .8 

3 .8 

9 

.5 

9 .5 

4 .6 

2 .5 

1 .8 

1 .4 

8 .1 

B.  Tiksi  . . . 

July 

(5  .6 

C .9 

7 

.0 

7 .0 

19  .4 

16  .4 

14  .0 

8 .9 

12  .8 

Mys  Shmidta  . . 

June 

August 

0 .7 

1 .4 

2 

.2 

2 .2 

10  .1 

1 .7 

2 .0 

1 .3 

9 .4 

B.  Tikhaya  . . 

June 

August 

-0..4 

0 .7 

1 

.1 

1 .1 

0 .6 

0 .1 

-0  .7 

-0  .7 

2 .0 

Table  21  (by  Vize)  presents  the  typical  thermal  roses  of  winds  in  summer,  i.e.,  the  air 
temperature  corresponding  to  winds  of  various  directions. 

In  the  last  column  of  the  table  is  shown  the  temperature  amplitude.  Vize  correctly  directs 
attention  to  the  fact  that  at  coastal  stations  (on  the  continent)  the  amplitude  is  considerably  greater 
than  at  island  stations.  We  already  know  that  the  water-air  temperature  difference  far  off  the 
coast  does  not  exceed  ±2°.  Therefore,  it  is  natural  that  a warm  or  cold  wave,  crossing  the  coastal 
line  for  the  sea,  becomes  gradually  extinguished  witn  distance  from  the  coast. 


TABLE  22.  THERMAL  ROSES  OF  WINDS  IN  WINTER 


Points 

Month 

N 

NO 

L_?J 

SO 

S 

SW 

W 

NW 

Amplitude 

Gugorskiy  Shar  . 

January 

-18°. 8 

-22° . 0 

m 

-20°. 6 

-18°. 4 

-12°. 5 

- 5° 

.4 

- 9° . 0 

19°. 6 

O.  Diksana  . . 

January 

-25  .8 

-28  .2 

-31  .3 

-23  .0 

-23  .0 

-20  .9 

-13 

.3 

-12  .6 

18  .7 

B.  Tikhaya  . . 

January 

-23  .6 

-23  .0 

-19  .1 

- 9 .6 

- 5 .8 

- 6 

•7I 

-17  .7 

18  .5 

M.  Uelen  . . . 

December) 

February 

-22  .0 

-18  .3 

-12  .1 

-4.1 

-14  .5 

-21  .8 

-20 

.3 

-23  .4 

19  .3 

Selo  Kazach'ye  . 

December 

February 

-31  .6 

-32  .5 

-36  .2 

-36  .6 

-35  .3 

-36  .0 

-33 

.7 

-31  .9 

5 .0 

Table  22,  by  Vize,  shows  the  thermal  wind  roses  in  winter  for  certain  points  of  the  Soviet 
Arctic . The  amplitudes  of  temperature  fluctuations  at  various  wind  speeds  are  still  more  signif- 
icant in  winter  than  in  summer:  besides,  at  islands  the  fluctuations  are  greater  than  on  the  coast  of 
the  continent.  The  air  temperature  maxima  and  minima  at  various  coastal  points  are  attended  by 
winds  of  various  directions. 

Figure  12  (by  Vize)  presents  a chart  of  air  temperature  anomalies  in  January.  As  can  be 
seen  from  the  figure,  the  positive  air  temperature  anomalies  pertain  to  the  Greenland,  Barents 
and  Kara  Seas.  The  negative  anomalies  are  found  in  northeastern  Asia.  The  temperatures  that 
are  normal  for  the  given  latitudes  ( 0 isanomal)  intersect  the  Laptev,  East  Siberian  and  Chuckchee 
Seas.  The  relative  position  of  heat  poles  (between  Iceland  and  Norway)  and  cold  poles  (about 
Verkhoyansk)  determines  the  relationship  between  air  temperature  and  wind  direction:  with  winds 
from  areas  with  positive  anomalies,  the  air  temperature  increases,  but  with  winds  from  areas 
with  negative  anomalies,  the  air  temperature  drops. 

It  was  already  stated  that  the  difference  between  the  air  and  sea  surface  temperatures  in  off- 
shore regions  of  the  ocean  is  very  small.  Further  it  was  stated  that,  due  to  its  great  heat  capac- 
ity, the  sea,  not  the  air,  governs  the  corresponding  temperature  equalization.  Consequently,  if 


we  assume  that  In  an  area  where  a positive  air  temperature  anomaly  is  encountered,  the  sea  is 
heated,  the  air  moving  over  the  area  is  also  heated  to  the  same  degree.  Simultaneously , the  mois- 
ture of  the  air  increases  and,  consequently,  its  heat  capacity  also  increases  considerably. 


Let  us  now  assume  that  the  mean  yearly  temperature  of  a water  basin  does  not  change.  In 
such  a case  the  equation  of  heat  balance  will  have  the  following  form: 

R(\  — A)  — r — E + C + F + M — N + P -Q=0, 

where  £ = cumulative  solar  radiation. 


■1  = albedo, 

r = effective  re  radiation, 

• = heat  loss  to  evaporation  and  convection, 

C = heat  inflow  at  condensation, 

= heat  brought  by  continental  runoff, 


= heat  brought  into  given  basin  by  sea  currents  (+  pertains  to  a case  when  the  tempera- 
ture of  inflowing  waters  is  higher  than  the  mean  temperature  of  the  basin), 


•V  = heat  carried  out  of  a given  basin  by  sea  currents  (-  pertains  to  case  when  the  tempera- 
ture of  outgoing  waters  Is  higher  than  the  mean  temperature  of  the  basin), 

R = the  "cold"  taken  out  of  a given  basin  together  with  ice, 

Q ~ the  "cold"  brought  into  a given  basin  together  with  ice. 

It  stands  to  reason  that,  for  individual  areas,  not  all  of  the  terms  of  the  equation  of  heat  balance  are 
of  the  same  order. 

So  for  instance,  in  basins  with  limited  water  and  ice  exchange  with  neighboring  basins,  the 
magnitudes  H,  N , f and  ^ may  be  of  such  small  significance  that  they  can  be  neglected  in  the  first 
approximation.  The  White  Sea,  for  instance,  is  one  such  basin.  In  the  Chuckchee  Sea  we  can  dis- 
pense with  the  continental  runoff.  In  the  central  arctic  basin,  where  the  sea  is  covered  by  contin- 
uous ice,  the  effect  of  solar  radiation,  owing  to  the  great  albedo  of  ice,  becomes  small  in  compar- 
ison with  other  components,  etc. 

The  equation  of  heat  balance  is  applicable  not  only  to  the  year  but  also  to  individual  seasons. 
Thus,  for  the  arctic  night  the  equation  will  assume  the  following  form: 

— r — £+  C + M — N + P—Q  =K, 

where  A = the  variation  of  heat  reserves  in  the  basin  during  the  given  time  interval. 

In  the  latter  equation  the  solar  radiation  for  winter  equals  0,  but  the  heat  amount  brought  in 
by  the  continental  runoff  in  the  winter,  as  we  saw,  is  so  insignificant  that  it  can  be  neglected  in  the 
first  approximation. 

At  the  present  time,  only  the  first  attempts  at  calculating  the  heat  balance  have  been  made, 
and  they  are  restricted  to  individual  seas.  However,  even  after  the  methods  of  calculating  the  heat 
balance  have  been  developed  and  the  pertinent  data  obtained,  the  veritication  of  the  calculations  will 
be  necessary. 

Assume  that  hydrological  observations  are  carried  out  from  time  to  time  and  stations  occu- 
pied sufficiently  often  in  a given  area  to  arrive  at  the  mean  temperature  of  the  basin. 

It  is  obvious  that  on  the  basis  of  comparisons  between  the  mean  temperature  values  obtained 
in  such  a way  one  can  draw  conclusions  about  the  variation  in  the  heat  content  of  a given  water  basin 
from  one  time  moment  to  another,  which  result  from  the  cumulative  action  of  the  components  of  the 
heat  balance . 

If  the  basin  is  large  and  the  employment  of  a dense  network  of  hydrological  stations  requires 
too  much  effort,  observations  are  conducted  in  directions  that  are  more  typical  of  the  basin — i.e. , 
in  the  standard  oceanological  cross  sections. 

One  of  such  standard  cross  sections — along  the  Kola  longitude  in  the  Barents  Sea — intersects 
the  Nordkapp  current.  By  measuring  the  water  temperature  along  the  Kola  longitude  at  the  same 
geographical  coordinates,  we  are  in  fact  measuring  the  temperature  of  various  water  masses. 
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As  we  know  (paragraph  12),  In  order  to  draw  conclusions  on  the  variations  of  temperature  in 
the  same  water  masses,  the  formula* 


dt_  _ dt_  M 
dT  " dT  + u0x 


is  used. 

In  order  to  utilize  this  formula,  it  is  necessary  to  employ  at  least  two  parallel  oceanological 
cross  sections  (for  the  calculation  of  the  temperature  gradient  and  the  current  direction)  across 
the  given  current  and,  in  addition,  to  determine  the  current  speed  between  the  cross  sections.  The 
cross  sections  intersecting  the  Nordkapp  current  (in  addition  to  the  Kola  longitude)  in  the  Barents 
Sea  were  set  up  along  the  38th  longitude  and  in  the  direction,  Nordkapp-Ostrov  Medvezhiy.  When 
comparing  the  cross  sections  along  the  Kola  longitude  and  along  the  line  Nordkapp-Ostrov  Medve- 
zhiy, it  was  found  that,  in  all  seasons  of  the  year,  the  first  cross  section  was  approximately  1.5° 
colder  than  the  second. 

The  data  concerning  the  mean  speed  of  the  Nordkapp  current  from  the  line  Nordkapp-Ostrov 
Medvezhiy  to  the  Kola  longitude  are  still  less  accurate.  Judging  from  the  existing  current  charts, 
it  appears  that  at  least  three  months  are  needed  for  the  Atlantic  water  to  travel  from  the  Nordkapp- 
Ostrov  Medvezhiy  sector  to  the  Kila  longitude.  In  other  words,  the  mean  current  speed  is  about 
5 cm/sec.  Thus,  a water  column  200  m thick,  while  on  its  way  from  the  Nordkapp  to  the  Kola 
longitude  in  winter  and  summer,  is  lowered  in  temperature  by  approximately  half  a degree  each 
month. 


Applying  the  above  mentioned  formulae  and  calculations  to  a concrete  case,  we  find  that,  for 
instance,  from  15  May  to  15  June  1934,  the  temperature  along  the  Kola  longitude  increased  from 
3.22°  to  4.06°,  i.e.,  the  rate  temperature  variation  in  geographical  coordinates  equals  0.84°  per 
month. 

On  the  basis  of  the  above  formula  (because  the  temperature  gradient  is  negative)  we  find  that 
the  rate  of  temperature  variations  in  oceanological  coordinates  equals  0.34°  per  month. 

In  other  words,  we  find  that  from  15  May  to  15  June,  the  rise  of  temperature  in  the  moving 
Nordkapp  waters  to  a depth  of  200  m equals  0.34°  or,  if  the  heat  capacity  of  water  is  assumed  to 
equal  unity,  the  heat  content  under  each  cm2  of  the  Nordkapp  current  increases  by  6.8  kg-cal. 

From  15  January  to  15  February  1935,  the  mean  temperature  along  the  Kola  longitude 
dropped  from  4.25°  to  3.65°,  i.e.,  by  0.60°.  Consequently,  the  drop  of  temperature  in  oceano- 
logical coordinates  equalled  1.10°  during  this  time.  In  other  words,  each  cm2  of  the  surface  of 
Nordkapp  current  gave  off  to  the  atmosphere  22  kg-cal. 

It  is  not  difficult  to  demonstrate  by  such  reasoning  that,  despite  the  rise  of  temperature  in 
the  cross  section  along  the  Kola  longitude  in  the  summer — which  is  almost  balanced  with  cooling  in 
the  winter — each  cm3  of  the  Nordkapp  current  (between  the  Nordkapp  and  Kola  longitude)  gives  off 
to  the  atmosphere  at  least  120  kg-cal. 


*It  is  evident  that  these  reasonings  are  applicable  not  only  to  warm  but  also  to  cold  currents 
(only  the  sign  of  temperature  gradient  is  reversed). 
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The  heat  loss  of  120  kg-cul/cm-  in  a year  was  found  by  assuming  that  the  temperature  dif- 
ference at  the  Nordkapp  and  Kola  cross  sections  equals  1.5°  and  that  the  mean  speed  of  the  Nord- 
kapp  current  in  the  sector  has  also  a constant  value  of  5 cm/sec.  It  is  possible  that  the  horizontal 
temperature  gradient  along  the  Nordkapp  current  is  subjected  to  seasonal  and  secular  variations. 

We  cannot,  for  the  time  being,  assert  it,  but  this  variation  is  hardly  significant.  As  to  the  sea- 
sonal and  secular  variations  in  the  speed  of  the  eastward- moving  Nordkapp  water,  they  can,  in  any 
case,  be  considered  as  established  from  the  qualitative  point  of  view.  However,  if  the  annual  heat 
loss  to  the  atmosphere  equals  120  kg-cal/cm2  at  the  assumed  speed  ofScmAec  and  the  temperature 
gradient  is  1.5  , then  it  is  clear  that,  with  variation  in  the  speed  of  only  1 cm/sec,  the  heat  loss 
varies  by  24  kg-cal/cm2,  (i.e. , it  exceeds  considerably  the  result  obtained  by  examining  the  tem- 
perature variations  in  geographical  coordinates). 

This  reasoning  gives  an  idea  of  the  effect  of  Atlantic  waters,  and  that  of  the  Nordkapp  current 
in  particular,  on  climatic  conditions  in  the  areas  penetrated  by  air  masses  moving  over  the  Barents 
Sea  and  being  heated  by  the  water. 

The  southern  portion  of  the  Barents  Sea  is  a relatively  simple  case  for  the  drawing  of  conclu- 
sions on  the  inilux  and  efflux  of  heat.  The  northern  portion  of  the  sea  is,  however,  rather  complex. 
Here  one  is  faced  with  the  formation  and  melting  of  ice  and  with  the  condensation  of  water  vapor 
which  is  unavoidable  in  the  summer  time  when  the  underlying  surface  is  colder  than  the  travelling 
water  masses.  The  presence  of  ice  in  the  region,  which  absorbs  considerable  amount  of  heat  dur- 
ing melting  and  gives  it  off  upon  formation,  simultaneously  diluting  or  salinifying  the  water,  com- 
plicates the  calculation  of  incoming  and  outgoing  heat.  The  complexity  is  increased  by  (he  inilux 
and  efflux  of  ice  whose  quantity  varies  from  year  to  year,  in  each  of  the  marginal  seas  of  the  Arctic 
Basin. 

It  is,  for  instance,  assumed  that  from  the  central  section  of  the  arctic  about  2,500  km3  of  sea 
ice  is  annually  carried  out  via  the  Greenland-Spitsbergen  Strait.  Neglecting  the  temperature  of  the 
ice,  we  find  that  about  20. 1016  kg-cal  of  heat  is  given  off  to  the  atmosphere  by  the  sea  during  the 
formation  of  the  ice.  This  heat  has  of  course  played  its  part  in  the  raising  of  air  temperature  over 
the  -Arctic  Basin. 

Still  more  complex  is  the  problem  of  the  influx  :md  efflux  of  heat  in  such  seas  as  the  Kara, 
Laptev  and  other  seas  where,  in  addition  to  the  ice,  the  discharge  of  heat  by  rivers  is  significant. 

LITERATURE:  34,  49,  62.  77,  124. 

Section  26.  The  Concept  of  the  Water  Balance 

The  circulation  of  moisture  on  the  earth,  according  to  Bruckner,  who  assumes  that  the  quan- 
tity of  water  does  not  change  in  the  ocean,  is  expressed  by  the  following  equations: 

Precipitation  on  the  ocean  = evaporation  from  the  ocean--continental  runoff. 

Precipitation  on  land  - evaporation  from  the  land  • continental  runoff.  It  is  evident  that  these 
formulae  are  valid  only  for  a great  number  of  years  when  the  annual  random  deviations  from  mean 
value  can  be  eliminated. 

It  is  assumed  that  only  a small  part--namely,  about  10  per  cent  of  the  moisture  evaporating 
from  the  ocean  is  carried  away  and  precipitated  on  land,  returning  later  to  the  ocean  in  the  form  of 
continental  runoff.  The  remaining  portion  of  the  water  that  has  evaporated  from  the  ocean  is  pre- 
cipitated back  into  the  same  ocean.  However,  its  distribution  over  the  ocean  areas  is  far  from  uni- 
form. In  lower  latitudes,  except  for  the  pre-equatorial  belt  of  the  Northern  Hemisphere,  the  evap- 
oration exceeds  precipitation,  and  here  the  ocean  is  constantly  salinified.  In  temperate  and  high 
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latitudes,  on  the  contrary,  precipitation  dominates  over  evaporation,  and  a constant  dilution  oc- 
curs. The  general  equilibrium  of  moisture  is  maintained  by  sea  currents. 

In  order  to  judge  the  balance  ol'  water  and  salinity  in  individual  seas  of  the  World  Ocean,  let 
us  adopt  the  following  assumptions: 

1,  the  volume  of  water  in  a given  sea  is  constant;  in  other  words,  the  mean  water  level  does 
not  change; 

2.  the  mean  salinity  of  the  given  sea  does  not  change;  with  such  assumptions,  we  have  the 
following  equation  for  the  required  balance  of  water  masses; 

precipitation  ' continental  runoff  ^ water  influx  from  other  basins  evaporation  1 water  out- 
flow to  adjacent  seas. 

If  the  pure  water  balance  in  this  equation  is  precipitation  t-  continental  runoff — evaporation, 
which  is  designated  by  , we  have  the  following  formula  of  water  balance; 

V\  + F = V2,  (*) 

where  "[  the  volume  of  water  flowing  from  adjacent  seas, 
the  volume  of  water  flowing  out  of  the  given  sea. 

Depending  upon  the  relative  magnitudes  of  the  factors  constituting  the  pure  water  balance,  it 
can  be  either  negative  or  positive.  In  the  first  case  we  may  have  a positive  water  exchange  of  a sea 
with  the  ocean  (the  influx  of  ocean  waters  exceeds  the  outflow  of  the  given  sea),  in  the  second  case 
there  is  a negative  exchange.  A typical  example  of  the  first  case  is  the  Mediterranean  Sea;  a typ- 
ical example  of  the  second  is  the  Black  Sea . 

In  order  to  preserve  the  constancy  of  the  mean  salinity  of  a sea  (neglecting  the  volatilization 
of  salts  into  the  atmosphere  and  their  sedimentation  on  the  bottom  of  the  sea),  the  followhig  equation 
is  needed: 


r,s,  = r,s„  (2) 

in  which  salinity  of  the  water  flowing  from  the  ocean, 

?2  salinity  of  the  water  flowing  out  of  the  given  sea. 

It  follows  from  equation  (1)  that  if  the  pure  water  balance  of  a given  sea  is  0,  i.e.,  if  precipitation 
plus  continental  runoff  exactly  equals  evaporation,  then 

<;i> 

whence,  on  the  basis  of  equation  (2)  we  have 

S,  S2.  (<> 

If  , is  greater  than  , the  water  exchange  with  other  seas  is  negative:  if.]  is  smaller  than  \>  , 
the  water  exchange  is  positive. 
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Let  us  assume  now  that  a complete  Intermixing  of  incoming  water  with  the  main  water  mass 
of  a given  sea  occurs  in  the  entire  sea  immediately  after  the  influx  of  the  former.  In  such  a case, 
the  mean  salinity  of  the  outflowing  water,  after  its  intermixing  with  the  inflowing  water,  will  equal 
the  mean  salinity  of  the  given  sea. 

The  intermixing  of  inflowing  water  with  the  main  water  mass  of  a given  sea  never  occurs  in- 
stantly but  rather  over  a long  time  interval.  Because  of  this,  the  mean  salinity  value  of  a sea  is 
usually  a value  between  the  salinity  of  outflowing  and  inflowing  waters. 

Simple  calculations  demonstrate  that  the  greater  the  water  volume — in  comparison  with  the 
volumes  of  inflowing  and  outflowing  v iters — that  pass  (due  to  intermixing)  through  the  boundary  sur- 
faces (separating  individual  water  /ers  from  each  other)  the  nearer  the  mean  salinity  of  the  sea  to 
the  salinity  of  the  outflowing  water.  Thus  the  mean  salinity  of  a sea  will  be  closer  to  the  salinity  of 
the  outflowing  waters  as  the  pure  water  balance  of  the  given  sea  is  smaller,  the  water  exchange  with 
adjacent  seas  in  comparison  with  the  general  water  mass  of  the  given  sea  is  smaller  and  as  the 
speed  of  intermixing  is  greater. 

The  balance  of  moisture  and,  consequently,  the  water  exchange  and  salinity  for  each  individ- 
ual sea  can  be  most  readily  calculated  by  measuring  the  current  speeds  and  salinity  at  oceanological 
cross  sections  across  the  straits  connecting  the  given  sea  with  the  adjacent  parts  of  the  ocean. 

The  needed  formulae  are  readily  derived  from  the  above  equations — namely: 


D = Qlul  — Qzui,  (5) 

in  which  Qi  and  ~2  = areas  of  crosswise  intersection  of  currents  running  in  opposite  directions  in 
straits,  u\  and  u2  = corresponding  mean  speeds  of  the  currents. 

The  formulae  of  water  balance  can  be  presented  differently — namely,  in  lieu  of  (1)  and  (2)  we 

write 


V + Vy  + F — V*  = const,  (6) 

VS  + — V2S,  = const,  (7) 

where  V = the  total  volume  of  a basin, 

51  = the  mean  salinity  of  the  basin. 

It  is  evident  that  if  one  of  the  components  of  the  balance  changes  after  equilibrium  is  achieved, 
a corresponding  variation  of  one  or  several  components  of  the  balance  formula  will  be  entailed. 

This  variation  will  not,  of  course,  occur  immediately. 

Assume  that,  in  addition  to  the  water  exchange  with  the  adjacent  basins,  an  ice  exchange 
exists.  In  such  a case,  the  balance  formula  is  as  follows: 

Vt+  F + Wi  = Va  + 8V1',  <8> 


where 


6 = density  of  ice, 
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:'j  = volume  of  Ice  brought  Into  the  basin, 
1^2  = volume  of  ice  brought  out  of  the  basin; 


^iSi  + WYSi  =VtSt  + SV2’Si,  <9> 

where  S ■ = salinity  of  ice  (assuming  that  the  salinity  of  incoming  and  outgoing  ice  is  the  same). 

It  is  evident  that  if  we  assume  that  the  salinity  of  ice  equals  0,  the  ice  balance  formula  will 
not  change,  but  in  the  water  balance  formula  the  ice  may  be  included  in  the  pure  water  balance. 


It  need  be  pointed  out  that  the  above  formulae  of  water  balance  can  be  utilized  for  the  solution 
of  many  problems  of  oceanology;  for  the  heat  balance,  for  instance.  As  typical  examples,  we  can 
mention  the  following  calculations  (by  Somov)  of  heat  quantity  brought  by  the  Atlantic  water  into  the 
heat  balance  of  the  Kara  Sea . 

Neglecting  the  amount  of  ice  brought  from  the  Arctic  Basin  into  the  Kara  Sea,  Somov  derived 
from  balance  formulae  the  following  equation. 


(F — Wl')S2  + Sy/.s, 
Si  S-. 


(10) 


Assuming  that  the  approximate  values  of  components  in  the  formula  are  as  listed  below: 

F = 1,300  km3/year  (which  corresponds,  as  we  saw,  to  the  annual  Bering  Sea  influx,  ne- 
glecting precipitation  and  evaporation  in  the  first  approximation  because  of  their  insignificant 
values),  y 2 — the  volume  of  ice  taken  out  of  the  Kara  Sea  (for  the  sake  of  orientation,  Somov 
assumes  that  1/80  km3  of  ice  is  brought  out  of  the  Kara  Sea  annually,  which  is  equivalent  to  430 
km3  of  water  if  the  density  of  ice  is  0. 9), 


S2  = 32  o/oo-'the  mean  salinity  of  the  Kara  Sea, 
Sf=  5 o/oo — the  mean  salinity  of  ice, 

= 35  o/oo — the  mean  salinity  of  Atlantic  water, 


and  introducing  these  magnitudes  into  the  main  formula,  Somov  finds  that  for  the  preservation  of 
the  mean  salinity  of  the  Kara  Sea  an  influx  of  10,  000  km3 /year  of  Atlantic  water  is  needed. 


Assuming  further  that  the  mean  temperature  of  the  Atlantic  water  that  is  discharged  into  the 
Kara  Sea  across  the  80th  latitude  equals  1.5°,  and  that  during  winter  these  waters  are  cooled  to 
-1.5°,  the  annual  heat  influx  by  Atlantic  waters  will  equal 

Q = 3 • 10  000  • 1013  = 3 • 1016  kg-cal 

Ultimately,  all  of  the  heat  brought  in  by  Atlantic  waters  is  given  off  to  the  atmosphere. 

o 

The  area  of  the  Kara  Sea  south  of  the  80th  latitude  equals  750,  000  km  . Hence,  it  follows 
that  the  sea  annually  gives  off  to  the  atmosphere 

q — 4 kg-cal/cm3 


of  heat  which  is  brought  in  by  Atlantic  waters. 
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tt  is  evident  that  the  thermal  influence  of  Atlantic  waters  is  probably  not  distributed  over  the 
entire  Kara  Sea.  Delimiting  the  given  area  on  the  north  by  the  80th  latitude,  on  the  south  by  a 
straight  line  from  Matochkin  Shar  to  Proliv  Shokalskago,  and  on  the  west  by  a line  from  Mys 
Zhelanizy  to  Franz  Joseph  Land,  the  area  appears  to  equal  300,000  km2.  But  the  quantity  of  heat 
given  off  will,  according  to  Somov,  increase  to  10  kg-cal/cm2  per  year.  The  amount  of  heat  will 
be  sufficient  for  the  melting  of  ice  125  cm  thick. 

It  is  evident  that  such  calculations  are  very  important,  and  there  is  no  doubt  that,  with  the 
accumulation  of  the  corresponding  data,  they  will  be  refined  and  adapted  to  other  seas. 

LITERATURE:  62,  77,  108,  121,  125. 
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CHAPTER  III 

THE  MIXING  OF  OCEAN  WATERS 

Section  27.  The  Concept  of  Mixing 

Processes  continually  occur  in  the  ocean  which  change  the  vertical  and  horizontal  distribution 
of  temperature  and  salinity  (and  other  physical-chemical  characteristics). 

Some  of  these  processes  which  are  caused  by  the  biological  activity  of  organisms  occur 
throughout  the  entire  depth  of  the  ocean.  These  processes,  which  change  the  relationships  between 
the  chemical  compounds  contained  in  sea  water  in  small  amounts,  find  practically  no  expression  in 
the  general  physical-chemical  state  of  ocean  water.  There  are  other  processes  which  sharply 
change  this  state;  i.e. , the  absorption  and  radiation  of  solar  energy,  evaporation,  precipitation, 
etc.;  these  develop  at  the  surface  of  the  ocean.  In  addition,  water  with  a specific  temperature  and 
salinity  is  formed  on  the  surface  in  one  region  of  the  ocean,  and  is  transported  by  ocean  currents  to 
different  regions  and  depths.  Here,  they  mix  with  waters  created  under  different  conditions,  and 
in  this  manner  vertical  and  horizontal  hydrological  gradients  are  continually  created  and  maintained 
on  the  ocean's  surface  and  in  its  depths. 

As  a result  of  all  these  processes,  water  masses  of  different  composition  and  dimensions  are 
created  in  the  ocean;  these  differ  from  one  another  in  temperature,  salinity,  oxygen  content,  etc.  , 
and  are  separated  from  each  other  by  surfaces  of  separation,  i.e. , by  frontal  surfaces.  In  vertical 
cross  sections,  these  water  masses  appear  as  superposed  layers  with  the  upper  layers  less  dense 
than  the  lower  ones,  as  a rule.  Only  very  seldom  is  a density  decreasing  with  depth  observed. 

It  is  evident  from  the  TS  diagram  in  Section  4 that  identical  densities  can  be  obtained  with 
different  combinations  of  temperature  and  salinity.  Normally,  temperature  decreases  with  depth, 
while  salinity  increases,  but  often  anomalies  of  vertical  temperature  and  salinity  distributions  can 
be  observed.  Borrowing  some  meteorological  terms,  temperature  increase  with  depth  is  called  a 
temperature  inversion,  and  the  decrease  in  salinity  downward,  a salinity  inversion.  We  have  al- 
ready seen  that  the  downward  increase  of  temperature  may  be  due  to  the  pressure  of  the  upperlying 
layers.  Such  an  inversion  is  called  an  adiabatic  temperature  inversion.  Naturally,  in  contrast  to 
an  ordinary  temperature  inversion,  an  adiabatic  temperature  inversion  can  be  observed  in  the  same 
water  mass.  Continuing  the  analogy,  we  call  a decrease  in  density  downward  a density  inversion. 

Simultaneously  with  the  creation  of  water  masses  in  the  ocean,  processes  occur  which  tend 
toward  equalization  of  the  states  and  which  can  be  classified  under  the  general  heading  ' mixing. 

Thus,  the  continual  and  chaotically  uniform  thermal  movement  of  molecules  comprises 
molecular  mixing.*  But  the  most  important  and  decisive  role  in  the  ocean's  regime  is  played  by 
turbulent  mixing,  subdivided  into  frictional  and  convective. 

*The  coefficients  of  molecular  diffusion,  thermal  conductivity,  and  friction  are  so  small  that 
molecular  processes  exert  practically  no  influence  on  the  ocean's  regime,  and  they  may  be  neg- 
lected when  solving  general  problems. 


By  frictional  mixing  we  mean  that  which  is  caused  by  the  uneven  movement  of  contiguous 
water  masses;  i.e. , by  the  presence  of  vertical  and  horizontal  velocity  gradients.  At  the  surfaces 
of  separation  of  water  masses,  these  gradients  create  eddies,  penetrating  from  one  water  mass  to 
another,  and  in  this  manner,  mixing  them. 


By  convective  mixing,  we  mean  that  which  arises  as  a result  of  either  a decrease  in  the  den- 
sity of  the  deep  layers,  or  of  an  increase  in  the  density  of  the  surface  layers  of  the  sea.  In  cither 
case,  there  arise,  in  the  water  mass,  vertical  currents  which  cause  mixing  of  the  superposed 
layers. 


The  main  difference  between  convective  and  frictional  mixing  is  that  convective  mixing  may 
occur  whether  or  not  the  given  layers  are  in  motion,  and  that  it  takes  place  only  in  a vertical  direc- 
tion. Frictional  mixing  depends  on  the  presence  of  vertical  and  horizontal  velocity  gradients,  and 
in  this  regard,  they  may  occur  both  horizontally  and  vertically. 

If  the  horizontal  velocity  gradient  is  found  at  the  surfaces  of  separation  of  water  masses  of 
different  density,  as  happens,  e.g. , when  sea  currents  flow  into  basins  with  different  physical- 
chemical  characteristics,  convective  and  frictional  mixing  may  occur  simultaneously.  Frictional 
mixing  may  also  cause  convective  mixing  when  the  horizontal  layers  differ  little  with  respect  to 
density  and  the  mixing  causes  "a  density  increase"  of  the  layers. 


The  rate  of  vertical  mixing  depends  most  strongly  on  the  resistance  which  individual  layers 
display  to  mixing.  This  resistance  is  determined  by  the  stability  of  the  layers  and,  according  to 
Hesselberg  and  Sverdrup,  this  stability  has  the  value: 


da  dt  da  dS  da  d§ 
dt  dz  + dS  dz  ~ dt  dz' 


where 


tv  = the  specific  volume, 
t - the  temperature, 

5 = salinity, 

4 =-  the  adiabatic  temperature  change. 

Formula  1 can  be  represented  in  another  way: 


da  da  d$ 

dz~  dt  dz  ‘ 


(1) 


(2) 


The  first  member  of  the  right  hand  side  of  this  formula  is  the  vertical  specific  volume  gradient, 
and  the  second  member  is  the  specific  volume  corrected  for  adiabatic  temperature  change. 


Since  the  adiabatic  correction  is  very  small,  it  may  be  disregarded  when  judging  the  stability 
of  the  upper  ocean  layers,  (where  the  vertical  specific  volume  gradients  are  large).  At  the  lower 
depths,  where  the  layers  are  extremely  uniform  with  regard  to  temperature  and  salinity  and  where, 
accordingly,  the  vertical  specific  volume  gradient  is  very  close  to  0,  the  adiabatic  correction  may 
play  a decisive  role. 

Usually,  in  the  ocean,  the  stability  is  positive,  i.e. , the  lighter  layers  lie  above  the  heavier 
ones.  But  in  certain  regions,  negative  stability,  i.e. , density  inversion,  can  be  observed  in  the 
intermediate  layers.  This  is  explained  by  the  presence  of  sea  currents,  consisting  of  waters  of 
different  origin  superimposed.  Finally,  in  individual  cases,  during  mixing  caused,  e.g.,  by  strong 
cooling  during  the  winter,  stability  may  be  negative  even  in  the  upper  layers.  This  indicates  that 
cooling  of  the  ocean  surface  occurs  more  rapidly  than  convection. 


I 


6fi 


(3) 


Occasionally,  formula  (1)  is  represented  as  follows: 


£ = 


dx  Idl 
dt  \dz 


dV\  da  dS 
dzj+dS  dz 


E-t  + Es> 


where  the  first  term  is  the  stability,  determined  by  the  temperature  gradient  and  adiabatic  temper- 
ature change,  and  the  second  is  the  stability  determined  by  the  salinity  gradient. 


LITERATURE:  60,  62,  77,  155. 


Section  28.  Frictional  Mixing 

A thin  stream  of  fuchsin  Introduced  into  a slowly  moving  liquid  flux  in  a glass  tube,  forms  a 
smooth  straight  thread.  When  the  speed  of  this  flux  is  increased  the  thread  breaks.  The  broken 
thread  travels  a certain  distance,  after  which  the  liquids  mix  and  become  uniformly  colored.  The 
first  type  of  movement  is  called  stratified  or  laminar,  and  the  second,  eddy  or  turbulent.  Reynold's 
theoretical  considerations  and  experiments  have  shown  that  laminar  movement  is  evidently  possible 
in  nature  only  with  the  very  slow  movement  of  water  in  ground  capillaries.  In  all  other  cases  it  is 
a matter  of  turbulent  movement,  characterized  by  the  following  features: 

1.  The  speed  at  each  point  of  the  current  fluctuates  around  Us  mean  values  with  regard  to 
magnitude  and  direction. 

2.  The  speed  of  the  current  very  close  to  the  boundaries  differs  little  from  the  overall  speed 
of  the  current. 

3.  The  motion  depends  only  slightly  on  the  viscosity  of  the  liquid. 

The  nature  of  turbulent  motion  has  not  been  sufficiently  explained,  even  for  uniform  liquids, 
but  its  results  are  easily  detectable  from  direct  observations.  Actually,  only  vertical  and  horizon- 
tal velocity  gradients  can  explain  the  presence,  e.g. , in  river  currents,  of  the  multitude  of  sus- 
pended earthen  particles  with  specific  weights  of  2.  0 to  2.  8.  these  particles  grow  in  size  with  an 
increase  of  the  velocity  gradients.  This  fact  is  supported  by  the  almost  complete  homothermy  of 
large,  deep  rivers  and  narrow  straits  with  high  current  velocities,  in  spite  of  the  diversity  in  their 
heating  and  cooling  conditions. 

Factors  always  exist  in  the  ocean  which  cause  velocity  gradients,  i.e. , agitation,  currents 
and  tidal  phenomena  for  the  most  part. 

With  regular  swells  or  agitation,  the  orbits  of  the  particles  become  approximately  circular, 
and  the  velocity  gradients  are  very  small.  But  with  wind  agitation,  particularly  whitecaps,  the 
velocity  gradients  may  attain  very  high  magnitudes  and  thus  cause  mixing. 

The  wind  or  wave  mixing  plays  a role  only  in  the  surface  layers  of  the  ocean;  it  extends  to  the 
bottom  only  in  shallows  and  assumes  particular  importance  off-shore,  where  the  velocity  gradients 
increase. 

The  ocean  currents,  on  the  other  hand,  usually  cause  high  velocity  gradients  only  in  their 
boundary  surfaces,  particularly  at  the  bottom  and  off-shore. 

The  tidal  phenomena,  l.e. , periodic  vertical  and  horizontal  oscillations  of  water  masses,  are 
most  important  for  turbulent  mixing  in  the  ocean.  The  velocities  of  tidal  currents  are,  as  a rule, 
greater  than  those  of  steady  or  temporary  ocean  currents.  Also,  tidal  phenomena  extend  throughout 
the  entire  depth  of  the  ocean,  while  ocean  currents  are  usually  confined  to  the  surface  layers  and  in 
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only  certain  regions  of  the  ocean.  Finally,  tidal  phenomena  act  in  both  vertical  and  horizontal  di- 
rections periodically,  and  at  different  times  in  adjacent  regions,  which  aids  in  creating  high  veloc- 
ity gradients. 

For  an  elementary  explanation  of  the  occurrence  of  frictional  mixing,  let  us  assume  that  a 
wind  of  continually  increasing  intensity  comes  up  over  an  initially  calm  sea.  When  this  happens, 
capillary  waves  first  appear  on  the  surface  of  the  sea,  these  gradually  change  into  wind  waves. 

After  the  wind  reaches  a considerable  force,  whitecaps  form,  wave  destruction  begins,  and  eddies 
form  penetrating  to  ever  increasing  depths  and  mixing  the  surface  layers.  Simultaneously,  thanks 
to  the  friction  of  the  wind  against  the  water  and  the  pressure  of  the  wind  on  the  rear  surface  of  the 
waves,  a wind  current  arises.  An  analogous  pnenomena  occurs  on  the  surfaces  of  separation  of 
water  masses,  where  the  role  of  the  wind  is  played  by  the  mass  which  moves  with  the  greater  ve- 
locity. This  requires  a smaller  velocity  gradient  than  between  the  air  and  water  to  effect  a frac- 
ture of  the  surfaces  of  separation  and  the  formation  of  eddies. 

The  lower  the  stability  of  the  layers  and  the  larger  the  velocity  gradients  the  more  intensely 
the  waves  and  eddies  develop  and  the  stronger  the  mixing.  From  this,  it  follows  that  the  magnitude 
of  the  velocity  gradient  determines  the  intensity  of  mixing  and  the  possibility  of  overcoming  a given 
stability. 

Large  velocity  gradients  are  created  at  the  bottom,  off-shore,  in  narrows,  and  in  the  shal- 
lows, etc.  For  example,  the  waters  contiguous  with  the  tlorlo  Belogo  Morya  (Neck  of  White  Sea) 
both  on  the  Barents  Sea  side  and  the  White  Sea  side,  are  quite  sharply  stratified  (inter- 
stratified).  Despite  this,  the  high  speeds  of  the  tidal  currents  and,  as  a result,  the  large 
velocity  gradients  in  certain  regions  of  the  Gorlo,  completely  mix  the  water  from  the  surface 
down  to  the  very  bottom,  which  imparts  the  nature  of  a river  current  to  the  waters  of  this 
strait.  However,  in  this  same  Gorlo  Belogo  Morya  there  are  regions  where  such  velocity  gradi- 
ents appear  to  be  insufficient  for  overcoming  the  sharp  stratification  and  consequently,  the  high 
stability  which  exists  here. 

Figure  13  according  to  V.  A.  Berezkin,  shows  the  distribution  of  isotherms  on  13  to  17  August 
1920  in  Gorlo  Relogo  Morya  through  the  Pulong-intsy  section  at  high  tide.  It  is  evident  from  the 
figure  that  the  isotherms  in  certain  parts  of  the  section  run  practically  vertical,  although  usually 
during  the  summer,  the  isotherms  in  the  surface  layers  of  the  sea  are  arranged  practically  hori- 
zontally. This  is  explained  by  strong  mixing,  arising  here  as  a result  of  strong  tidal  currents. 


Figure  13.  The  arrangement  of  isotherms 
in  the  Gorlo  Beloga  Morya  in 
August. 


Wind  mixing  plays  an  important  role  in  the  regime  of  the  open  ocean.  This  mixing  begins  at 
the  very  surface  of  the  ocean  and  gradually  spreads  to  greater  or  lesser  depths,  depending  on  the 
vertical  density  distribution,  ;uid  on  the  intensity  and  duration  of  the  wind. 

Naturally,  the  less  the  sea  is  stratified  the  less  stable  it  is,  mid  the  less  wind  action  that  is 
necessary  for  mixing.  Thus,  in  the  southwestern  part  of  the  Barents  Sea,  where  the  stability  of 
the  surface  layers  is  low,  I often  observed  complete  mixing  of  the  surface  layers  to  a depth  of  30  to 
40  meters  after  two  or  three  days  of  stormy  weather. 

The  solid  lines  in  figure  14  show  the  vertical  distribution  of  temperature,  salinity  and  spe- 
cific volume  at  the  initial  moment;  the  dotted  lines  the  distribution  of  these  same  factors  after  wind 
mixing,  extending  from  the  surface  of  the  sea  to  a certain  depth.  Curve  shows,  on  a represent- 
ative scale,  the  wind's  action  expended  on  frictional  mixing  from  the  surface  of  the  sea  to  the  given 
depth. 


From  the  figure  it  is  evident  that  the  distinguishing  feature  of  wind  mixing  is  the  destruction 
of  the  stability  of  the  mixed  layers  mid  the  creation  of  large  gradients  of  all  the  physical-chemical 
properties  of  sea  water  at  their  lower  boundary.  It  is  also  evident  from  the  figure  that  with  the 
usual  distribution  of  temperatures,  the  temperature  of  the  sea  surface  drops  somewhat,  thanks  to 
wind  mixing,  and  at  a certain  depth,  it  rises.  In  this  manner,  the  heat  absorbed  by  the  surface 
layers  is  conveyed  downward. 

We  should  particularly  stress  the  significance  of  wind  mixing  for  the  thermal  regime  of  the 
ocean.  It  has  been  shown  that  the  thermal  energy  of  solar  radiation  is  literally  absorbed  by  the 
first  few  centimeters  of  the  surface  layers  of  the  sea.  Actually,  (if  we  exclude  heat  transport  by 
currents)  the  distribution  of  the  heat  absorbed  by  the  surface  layers  is  due  only  to  frictional  wind 
mixing. 

But  on  the  other  hand,  wind  mixing,  by  creating  large  density  gradients  at  the  lower  boundary, 
limits  by  its  very  nature,  as  it  were,  the  depths  of  its  distribution.  This  phenomenon  is  particu- 
larly well  expressed  with  large  salinity  gradients  in  the  surface  layers. 

LITERATURE:  15,  62,  77. 
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Section  29.  Convective  Mixing 

As  has  already  been  pointed  out,  stable  equilibrium  of  the  stationary  horizontal  layers  may 
exist  under  the  condition  that  the  lighter  layers  lie  above  the  heavier  ones.  Being  more  exact,  it  is 
necessary  that  the  stability  of  the  layers  be  positive  for  equilibrium.  As  soon  as  this  condition  is 
disrupted,  eddies  occur  on  the  surfaces  of  separation,  mixing  these  layers.  Thus,  by  its  very  na- 
ture, convective  mixing  is  also  a turbulent  process.* 

Let  us  assume  that  the  specific  volume  of  topmost  layer  begins  to  decrease  for  some  reason. 
At  the  same  time  the  stability  between  the  first  and  second  layers  from  the  top  will  begin  to 
decrease. 

The  stability  depends  on  two  factors  — on  the  vertical  specific  volume  gradient  (without  cor- 
rection for  compressibility)  and  on  the  adiabatic  correction.  In  our  discussion  we  will  disregard 
the  latter,  due  to  its  small  size  in  comparison  with  the  specific  volume  gradients  of  the  upper  lay- 
ers, and  we  will  consider  that  for  mixing  to  be  possible  it  is  necessary  that  the  specific  volume  of 
the  first  layer  becomes  equal  to  the  specific  volume  of  the  second  layer  from  the  top. 

A decrease  in  the  specific  volume  of  sea  water  may  be  caused  either  by  an  increase  in  the  sa- 
linity or  by  a change  in  temperature  which  would  bring  the  water  closer  to  the  temperature  of 
greatest  density. 

An  increase  in  the  salinity  of  the  surface  layers  of  the  sea  water,  regardless  of  the  mixing  of 
waters  of  different  salinity,  may  be  caused  either  by  ice  formation,  or  by  evaporation. 

Let  us  assume  that  a layer  of  ice  of  thickness  i and  salinity  forms  from  a uniform  layer  of 
thickness  s.  whose  salinity  at  the  initial  moment  was  S.  < 5. 

If  we  melt  this  layer  of  ice  of  thickness  i.  we  will  obtain  a column  of  water  of  height  h. 
whereupon 


where  6 ~ the  density  of  the  ice, 

6 = the  density  of  water. 

Naturally,  after  the  ice  is  formed,  the  salinity  of  the  remaining  water  column  will  increase 
by  AS. 

From  the  mixing  law,  we  get 

Sz  = hS(  + (2  - h)  (S  + AS), 

from  which  the  increase  in  salinity  will  be 

AS  - (izzidA . 


♦Theoretically,  in  the  absence  of  turbulence,  equilibrium  may  exist  even  with  some  negative 
stability. 
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(2) 


P 


Disregarding  the  thickness  of  the  ice  in  the  denominator  of  this  formula  in  view  of  its  small- 
ness as  compared  with  the  thickness  of  the  layer  from  which  the  ice  was  formed,  and  also  consid- 
ering the  ratio  of  densities  of  ice  and  water  as  0.9,  we  get 


and 


0.9  (S-Si)i 

2 

(4) 

1 . 1 2 AS 
' - S—S,  ■ 

If  the  salinity  of  ice  is  taken  as  0,  we  get  the  simpler  formulas 

(5) 

as=°-9's  , 

(6) 

1.1?  AS 

' - s 

(7) 

By  analogous  reasoning  we  find  that  increase  in  the  salinity  of  the  layer  during  evaporation 
will  be 


(8) 


where  2 as  before  is  the  thickness  of  the  uniform  layer  of  salinity  5 and  a is  the  height  of  the 
evaporated  layer. 

For  water,  whose  salinity  is  greater  than  24.7  0/00,  the  temperature  of  maximum  density  is 
lower  than  the  freezing  point,  and  therefore  for  such  water  the  specific  volume  will  decrease,  to- 
gether with  a temperature  drop  to  the  freezing  point.  In  a particular  case  with  low  salinities  and 
low  temperatures,  it  may  be  shown  conversely  that  a certain  temperature  rise  is  required  to  reduce 
the  specific  volume. 


Thus,  in  the  general  case  ( 5 > 24.7  0/00)  a certain  amount  of  heat  must  be  removed  from  the 
examined  layer  in  order  to  decrease  the  specific  volume.  Referring  this  quantity  of  heat  to  1 cm 
of  the  sea  surface,  considering  the  specific  heat  of  water  as  unity  and  measuring  the  thickness  of 


the  layer  in  meters,  we  get 


(9) 


where  A * is  the  drop  in  temperature  of  a layer  2 meters  thick 

and  A*  is  the  amount  of  heat  in  g/cal  removed  from  1 cm2  of  the  sea  surface. 


Let  us  assume  that  at  the  initial  moment  we  have  two  layers  with  corresponding  temperatures 
tj  and  t%,  salinities  and  53,  specific  volumes  and  • ant*  layer  heights  21  and  si-  Actu- 
ally, from  what  has  been  said  above,  after  complete  mixing  of  these  layers,  the  total  thickness  of 
the  mixed  layers  will  be  2 = "l  + ~ 2-  while  the  total  specific  volume  will  be  equal  to  the  specific 
volume  of  the  lower  layer,  i.e.,  0^  2 =a2- 
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Let  us  further  assume  that  the  decrease  In  specific  volume  of  the  upper  layer  is  due  solely  to 
a change  in  the  temperature  A . In  such  a case,  the  total  salinity  of  the  mixed  layers  can  be 
found  from  the  mixing  formula: 


C » 4.  C y 

S = in-1  , 

M + '2 

The  overall  temperature  after  mixing  is  found  from 

(/i  + 

2j+2,  2i+2a  + 2,  + Z, 


Af,  = / 1 ,2  + 


21  ,2 


(10) 


(ii) 


where  '[  2 and  1.2  indicate  the  mean  salinity  and  the  mean  temperature,  respectively,  of  the  lay- 
ers up  to  the  start  of  convective  mixing. 

Analogously,  provided  that  the  specific  volume  of  the  first  layer  decreases  exclusively  due  to 
an  increase  in  its  salinity  by  A'  ^ , we  get  the  total  salinity  and  temperature,  after  mixing,  by  the 
formulas 


5,  ^ -I-  Sj  2., 

2i  + 2S 


+ 


2,  + 2a 

2t  + 2 2 


AS|  = Si  ,2  + 


2i  ,2 


A5t, 


1.2- 


(12) 


(13) 


In  these  formulas,  A jand  A^2  are  the  changes  in  temperature  or  salinity  of  the  first  layer 
necessary  for  its  specific  volume  to  remain  equal  to  the  specific  volume  of  the  second  layer. 

It  appears  difficult,  however,  to  compute  the  magnitudes  A tx  mid  a Si  and  therefore,  they  are 
usually  derived  with  the  help  of  the  TS  diagrams.  The  problem  reduces  to  the  following:  to  find  a 
temperature  (or  salinity),  corresponding  to  the  specific  volume  of  the  second  layer,  from  the  known 
temperature  (or  salinity)  of  the  first  layer.  Figure  15  shows  part  of  the  TS  diagram.  Let  point  A 
correspond  to  elements  of  the  first  layer  and  PC  be  a portion  of  the  isoline  of  the  specific  volume  of 
the  second  layer.  Naturally,  for  the  specific  volume  of  the  first  layer  to  become  equal  to  that  of 
the  second  layer,  we  must  either  change  the  temperature  by  the  magnitude  .1  = A:,  or  change  the 

salinity  by  the  magnitude  = A S 1 . 


Figure  15.  Determination  of  the  TS  dia- 
gram of  the  change  in  temper- 
ature or  salinity  necessary  for 
a change  in  the  specific  volume 
to  a given  value. 
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After  the  value  At,  or  AS  , has  been  determined  from  the  TS  diagram,  the  total  salinity  and 
temperature  of  the  two  upper  mixed  layers  can  be  easily  determined  from  th<  formulas  given 
above.  We  can  judge  the  possibility  of  mixing  with  subsequent  layers  from  the  top  in  an  analogous 
manner. 

The  solid  curves  in  figure  16  show  schematically  the  normal  vertical  distribution  of  tempera- 
ture, salinity  and  specific  volume  at  the  initial  moment;  the  dashed  lines  show  the  distribution  of 
these  same  factors  after  convective  mixing  from  the  sea  surface  to  a certain  depth,  caused  solely 
by  a drop  in  temperature;  the  crossed  lines  show  the  distribution  caused  exclusively  by  an  increase 
in  the  salinity  of  the  surface  layers.  As  can  be  seen  from  the  figure,  convective  mixing  as  opposed 
to  frictional  mixing,  does  not  create  large  specific  volume  gradients,  and  accordingly,  high  stabil- 
ity at  its  lower  distribution  boundary.  In  addition,  convective  mixing  due  to  a temperature  drop 
usually  creates  a temperature  inversion  at  its  lower  boundary. 


Figure  16. 


The  vertical  distribution  of  tem- 
perature, salinity  and  specific 
volume  after  convective  mixing. 


Mixing,  convective  or  frictional,  does  not  occur  instantaneously,  but  requires  definite  periods 
of  time  for  its  completion.  In  general,  it  occurs  more  rapidly,  the  higher  the  negative  stability 
which  determines  its  appearance.  Actually,  we  can  visualize  the  operating  process  of  convective 
mixing  from  the  negative  stabilities,  sometimes  observed  in  the  surface,  intermediate  and  deep 
layers  of  the  ocean. 


LITERATURE:  47,  62,  77. 


Section  30.  Vertical  Winter  Circulation 

A drop  in  temperature  of  the  sea  surface  layers  (if  we  are  examining  water  with  a salinity 
greater  than  24.7  o/ool  causes  a decrease  in  the  specific  volume,  and  accordingly,  if  this  decrease 
is  considerable,  convective  mixing.  Therefore,  in  regions  of  the  sea  where  the  surface  layers  have 
a sufficiently  expressed  diurnal  temperature  variation,  we  note  during  the  day  some  temperature 
increase  (and  thanks  to  evaporation,  a certain  increase  in  salinity  as  well),  while  at  night  there  is 
a cooling  and  convective  mixing  to  a certain  depth.  This  same  phenomenon  occurs  during  any  tem- 
perature drop  in  sea  temperature.  But  this  process  reaches  its  highest  development  as  a result  of 
extended  winter  cooling  which  causes  the  so  called  vertical  winter  circulation.  In  light  of  the  spe- 
cial significance  of  vertical  winter  circulation  for  the  regime  of  the  ocean,  and  in  particular  the 
Arctic  Basin,  we  will  examine  in  more  detail  this  phenomena.  Since  it  is  impossible  to  express  the 
relationships  between  temperature,  salinity  and  specific  volume  by  simple  formulas,  we  will  use  an 
arbitrarily  selected  example  in  the  following  discussion. 
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Let  us  assume  that  in  a certain  point  in  the  sea,  a certain  distribution  of  temperature  and 
salinity  was  observed  at  the  beginning  of  winter  cooling,  which  in  the  future  changes  exclusively  due 
to  the  release  of  heat  to  the  atmosphere  by  the  sea. 

Let  us  compute  the  mean  temperatures  and  salinities  between  the  surface  of  the  sea  and  the 
corresponding  level,  and  note  that  for  convective  mixing  to  reach  the  given  level,  the  specific  vol- 
ume of  the  upper  layers  mixed  by  convection  must  become  equal  to  the  specific  volume  at  the  given 
level  before  the  start  of  mixing. 


TABLE  23.  ELEMENTS  OF  VERTICAL  WINTER  CIRCULATION. 


1 

2 

3 

4 

5 

6 

7 

8 

• 

10 

11 

12 

13 

14 

p 

m 

5 

Ut 

tm 

s 

m 

Sr 

t 

c 

BBS 

m 

AS 

i 

B 

9 

0 

9.  10 

30.62 

76.84 

9.  1 

30.62 

29.46 

9.  1 

0 

0 

. 

0 

0 

0 

5 

8.96 

30.62 

76.82 

9.0 

30.62 

29.48 

9.0 

0 

0 

- 

0 

0 

0 

10 

9.00 

30.62 

76.82 

9.0 

30.62 

29.48 

9.0 

0 

0 

- 

0 

0 

0 

15 

8.69 

31.  15 

76.38 

8.9 

30.75 

30.05 

6.4 

2.5 

3.8 

- 

0 

0 

3.8 

20 

6.16 

31.69 

75.67 

8.4 

30.81 

30.99 

-1.7 

10.1 

20.2 

0.  18 

13 

0.9 

21.1 

25 

1.72 

32.84 

74.35 

7.2 

31. 13 

32.62 

-1.8 

9.0 

22.5 

1.49 

132 

9.3 

31.8 

30 

0.07 

33.04 

74.  15 

6.2 

31.51 

32.96 

-1.8 

8.0 

24.0 

1.45 

152 

10.9 

34.9 

40 

-0.62 

33.46 

73.80 

4.6 

31.92 

33.41 

-1.8 

6.5 

26.0 

1.49 

206 

14.8 

40.8 

50 

-1.56 

34.  16 

73.23 

3.7 

32.29 

34.  15 

-1.8 

5.5 

27.5 

1.86 

317 

22.8 

49.3 

65 

-1.67 

34.43 

73.01 

3.5 

32.73 

34.44 

-1.9 

4.4 

28.6 

2.31 

505 

36.4 

65.0 

Table  23  gives  the  results  of  corresponding  processing  of  the  data  chosen  as  an  example.  The 
following  notations  are  to  be  used  in  this  table: 


Column  1.  p is  the  depth  in  m. 

Column  2.  t ° is  the  temperature  at  the  given  level  before  the  onset  of  mixing. 

Column  3.  S is  the  salinity  at  the  given  level  before  mixing  begins. 


Column  4.  u ■ 


is  the  actual  specific  volume  at  the  given  level. 


Column  5. 

puted  by  the  general 


is  the  mean  temperature  from  the  surface  of  the  sea  to  the  given  level  com- 
mixing formula: 


S' 

SAp 


where  t is  the  mean  temperature  between  the  levels  before  the  start  of  mixing  and  Ap  is  the  dis- 
tance between  the  levels  in  meters. 


Column  6.  Sn  is  the  mean  salinity  from  the  surface  of  the  sea  to  the  given  level,  computed 
by  the  same  formula. 

Column  7.  ST  is  the  salinity  corresponding  to  the  specific  volume  of  the  given  level,  and  to 
the  freezing  point. 
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The  salinity  6’r  Is  found  either  from  the  oceanogruphic  tables  or  from  the  TS  diagram.  In 
the  latter  case,  we  proceed  along  the  lsoltne  which  corresponds  to  the  given  specific  volume  until 
we  reach  the  freezing  point  line,  and  then  we  read  the  corresponding  salinity  from  the  X-axis  of  the 
TS  diagram.  This  will  be  salinity  S T ■ 

Column  8.  t(,  is  the  overall  temperature  of  the  mixed  layers.  It  Is  found  from  the  TS  dia- 

gram, as  the  temperature  corresponding  to  the  specific  volume  and  the  mean  salinity  of  the  mixed 
layers  at  the  given  level. 

Lot  us  note  that  although  salinity  Sm  is  greater  than  the  salinity  Sf,  tomporaturo  tc  may 
have  different  values.  If  ST  Is  higher  than  V tomporaturo  f is  always  oqual  to  tho  freezing 
point. 


Column  9.  Tho  difference  between  columns  5 and  8.  or  i.  - r . 

Column  10.  q ^ is  the  amount  of  heat  in  kg-cals  released  with  convective  mixing  (down  to  the 
given  level)  by  each  square  cm  of  the  sea  surface,  provided  the  mean  temperature  of  the  mixed 
layers  drops  from  tn  to  t.(. . It  is  computed  by  the  formula 

= 0.1  ( tm  — tc)p . 

In  this  computation  the  specific  heat  of  water  is  taken  as  unity. 

Column  11.  AS  Is  tho  salinity  Increase,  of  layers  mixed  to  a given  level,  necessary  for  the 
general  specific  volume  of  these  layers  at  the  freezing  point  to  equal  the  specific  volume  observed 
at  ihe  given  level.  It  is  computed  as  the  difference  of  columns  7 and  (i  by  the  formula 

AS  = S,  — Sm 

and  is  entered  in  the  table  only  when  this  difference  is  positive. 

Column  12.  i is  the  thickness  (in  cm)  of  tho  ice  formed  during  convective  mixing  to  the 
given  level.  It  is  computed  by  the  formula 

, lOOpAS 
Sm  ’ 

where  AS  is  taken  from  column  11  and  Sm  from  column  6.  It  is  assumed  in  this  formula  that 
the  density  of  ice  is  0.9  and  the  salinity  of  the  ice  is  0. 

Column  13.  q , Is  the  amount  of  heat  in  kg-cal  released  by  each  square  cm  of  the  sea  surface, 
provided  that  convective  mixing  reaches  to  the  given  level  and  ice  of  thickness  i forms.  It  is  com- 
puted by  the  formula 

9i  = 0.072/, 


where  is  the  thickness  of  the  ice  In  cm  taken  from  column  12.  In  the  formula  it  is  assumed  that 
the  density  of  ice  is  0.9  and  that  the  heat  of  fusion  is  80  gm-cal. 

Column  14.  q q f •*  '7  j Is  the  sum  of  the  heat  released  by  each  cm*  when  the  sea  cools 
to  temperature  t (column  8)  and  the  heat  released  when  Ice  of  thickness  i forms.  This  is  com- 
puted as  the  sum  of  columns  10  and  13. 
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It  follows  from  this  tablo  that  in  the  given  example,  convective  mixing  extending  to  15  m re- 
quires no  ice  formation  whatsoever,  and  in  this  case,  the  temperature  of  these  15  m drops  from 
‘ n 9,1  (column  5 of  the  table)  to  tc  6. 4°  (column  8).  But  if  mixing  reaches  a depth  of 
-0  m,  the  temperature  of  the  entire  20  m layer  not  only  becomes  equal  to  the  freezing  point,  but 
ice  13  cm  thick  (column  12)  forms  on  the  sea  surface. 

further,  from  this  table  it  is  evident  that  for  the  vertical  winter  circulation  to  reach  the  bot- 
tom ((>5  m)  the  sea  surface  in  the  examined  case  must  release  to  the  atmosphere  65  kg-cal/cm2 
(and,  during  this,  ice  505  cm  thick  must  form). 

Finally,  from  the  same  table  we  see  that  with  convective  mixing  to  any  level,  the  temperature 
of  the  mixed  layers  ( V)  is  always  lower  than  the  temperature  at  this  same  level  before  the  start 
of  mixing  ( ) which  indicates  the  creation  of  a temperature  inversion.  The  data  of  this  table  are 
depicted  graphically  in  figure  17 . 


30%o  31  32  33  34  35  L 


Figure  17.  Vertical  winter  circulation  elements  in  the  Bering  Sea. 


In  this  diagram,  the  levels  of  the  sea  surface  are  plotted  along  the  Y-axis,  while  the  temper- 
ature t.~, . salinities  5..  and  5r,  the  ice  thickness  i.  and  the  total  amount  of  heat  g , released  by  the 
sea  to  the  atmosphere  during  vertical  winter  circulation  are  plotted  along  the  X-axis;  the  corres- 
ponding points  are  then  connected  by  smooth  curves. 

In  the  diagram  we  can  easily  determine  the  mean  temperature  from  the  surface  to  any  level, 
from  the  t m curve.  We  solve  the  same  problem  for  salinity  from  the  S curve.  The  curves  of 
the  amount  of  heat  and  the  thickness  of  ice  formed  allows  us  to  judge  these  magnitudes  during  ver- 
tical circulation  extending  to  any  level.  The  curves  thus  constructed  allow  us  to  answer  the  fol- 
lowing questions:  How  much  heat  must  be  released  to  the  atmosphere  by  the  sea  in  order  for  the 
vertical  circulation  to  reach  a given  level?  Is  this  accompanied  by  ice  formation,  and  if  so,  of 
what  thickness?  To  what  depth  does  circulation  reach  if  ice  of  the  given  thickness  forms? 

Figure  18  shows  the  isolines  of  the  heat  emission  in  kg-cal/cm2  of  the  sea's  surface,  with 
vertical  circulation  reaching  the  given  depth  which  I computed  for  the  Barents  Sea  by  the  described 
method.  The  dashed  line  shows  the  isoline  of  the  ice  thickness  (in  meters)  which  forms  with  mix- 
ing to  the  given  level.  The  observations  were  conducted  by  the  Oceanographic  Institute  (Okeano- 
grafichesklt  Instttut)  along  the  Kola  meridian  (33°30'  east)  in  August  1931. 

It  Is  seen  from  the  figure  how  much  deeper  the  vertical  winter  circulation  penetrates  with  the 
same  amount  of  heat  which  is  released  to  the  atmosphere  by  the  sea,  e.g. , at  74°  north,  compared 
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Figure  18.  Isolines  of  the  heat  emission  with  vertical  winter  cir- 
culation in  the  Barents  Sea. 

with  the  coastal  region  (69°30'  north).  In  the  first  case,  with  20  kg-cal/cm2  released  to  the  atmos- 
phere, the  vertical  circulation  penetration  drops  to  175  m,  in  the  second  case  it  drops  only  to  (15  m. 

This  phenomenon  is  explained  by  the  large  vertical  salinity  gradients  at  the  coastal  stations, 
where  these  gradients  are  created  by  shore  run-off.  From  this,  it  is  easy  to  see  that  the  vertical 
circulation  reaches  the  bottom  mainly  in  coastal  shallows  and  in  individual  banks  in  open  sectors  of 
the  sea. 

Figure  19  shows  the  isotherms  in  one  of  the  cross  sections  made  by  the  Perseus  in  the 
Barents  Sea  in  March  1934.  As  was  to  be  expected,  particularly  off  shore,  when  convective 
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Figure  19.  The  influence  of  vertical  circulation 
on  temperature  distribution. 


mixing  joins  with  frictional,  and  where  heat,  released  to  the  atmosphere  from  the  sea  in  winter  is 
greater  than  in  the  open  sea,  the  isotherms  are  completely  vertical,  which  is  always  a sign  of 
convective  mixing. 

LITERATURE:  47,  62,  65,  77. 


Section  31.  The  Index  of  Freezing 

In  figure  17  the  point  of  intersection  of  curves  Sm  and  S T attracts  our  attention.  This  point 
is  significant  in  that  vertical  circulation  may  proceed  to  that  level  where  this  point  is  located,  due 
solely  to  a drop  in  the  temperature  of  surface  layers  of  the  sea.  For  vertical  circulation  to  pene- 
trate deeper  than  this  point,  the  surface  layers  must  increase  in  salinity  and  accordingly,  ice  must 
form.  On  the  diagram,  curves  Sm  and  ST  intersect  at  a depth  of  18  m.  For  this  depth 

Sm  = St  = 30.70%o, 
tm  =8°. 6, 
t = — r.7. 


From  this  we  get 


tm-  t=10°.3, 

9,  = 0.1  (tm  — = 18.5  Ke-KOA/cM J, 


where  pr  is  the  depth  to  which  vertical  circulation  may  proceed  without  the  formation  of  ice,  (in 
the  given  example  18  m);  I have  called  this  depth  the  critical  depth  of  vertical  circulation,  and  q 
is  the  amount  of  heat  which  must  be  released  to  the  atmosphere  during  the  process;  I have  called 
this  value  the  index  of  freezing  of  the  sea. 


In  the  preceding  paragraph  we  gave  the  complete  procedure  for  computing  vertical  winter 
circulation.  Naturally,  even  with  such  a calculation,  the  computations  should  be  made  only  to  that 
level  at  which  the  amount  of  heat  released  to  the  atmosphere  during  vertical  circulation  does  not 
exceed  the  total  amount  of  heat  released  by  the  sea  to  the  atmosphere  in  a given  region  during  the 
winter. 


If  we  limit  ourselves  only  to  a determination  of  the  indices  of  freezing,  it  would  be  unneces- 
sary to  compute  the  elements  of  convective  mixing  from  the  surface  of  the  sea  all  the  way  to  the 
bottom,  but  only  to  the  level  at  which  Sm  and  ST  are  equal. 

We  have  assumed  that  the  vertical  distribution  of  temperature  and  salinity  at  the  oceano- 
graphic station  whose  data  has  been  given  in  table  23  changes  only  as  a result  of  vertical  winter  cir- 
culation. But  let  us  assume  that  before  the  very  start  of  this  circulation,  the  layers  from  the  sea 
surface  to  a depth  of  25  m,  will  be  mixed  by  the  wind. 


From  table  23  it  is  easily  seen  that  in  this  case  the  overall  temperature  of  the  mixed  layers 
will  be  7.2°  and  the  overall  salinity  31. 13  o/oo,  with  a corresponding  specific  volume  of  76. 21.  In 
order  to  cool  this  25  m layer  to  -1.7°,  i.e.  , to  the  freezing  point,  the  sea  must  release  to  the  at- 
mosphere 22.3  kg-cal/cm2. 
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But  we  have  seen  that  at  the  examined  station  during  cooling  under  calm  conditions,  the  crit- 
ical depth  of  vertical  circulation  was  only  18  m,  so  that  the  amount  of  heat  released  to  the  atmos- 
phere was  only  18,5  kg-cal/cm2. 

Thus  we  find  that  before  the  start  of  cooling,  the  surface  layers  of  a given  station  are  mixed 
to  a depth  of  25  m,  before  the  start  of  the  ice  formation,  3.8  kg-cal/cm2  more  should  be  released 
to  the  atmosphere  during  calm  conditions.  It  should  be  noted  that  such  an  increase  in  the  index  of 
freezing  takes  place  only  if  wind  mixing  encompasses  layers  deeper  than  the  critical  depth  of  verti- 
cal circulation;  in  our  example,  below  18  m.  But,  if  under  the  same  conditions  wind  mixing  pro- 
ceeds to  the  level  of  temperature  Inversion  (if  in  the  given  region  such  exists)  there  may  be  such  an 
increase  in  the  index  of  freezing  that  ice  formation  in  a given  region  becomes  completely  impos- 
sible. This  circumstance  should  be  considered  when  computing  the  indices  of  freezing. 

From  all  this,  it  is  clear  that  if  in  the  pre-winter  period  we  set  up  a network  of  oceanographic 
stations  in  the  region  of  Interest  to  us,  plot  on  a chart  the  Indices  of  freezing  computed  for  each  of 
them  separately  by  the  method  described  earlier,  and  draw  the  corresponding  isolines,  we  may  in 
first  approximation,  judge  at  which  of  the  stations,  all  other  conditions  being  equal,  the  tempera- 
ture of  the  sea  surface  will  drop  first  to  the  freezing  point,  and  at  which  it  will  drop  last,  or,  in 
other  words,  where  ice  formation  will  set  in  earlier  and  later. 

Naturally,  in  addition  to  the  indices  of  freezing,  we  need  to  know  the  rate  of  cooling  of  the 
separate  rogions  of  the  sea,  i.e. , the  amount  of  heat  released  from  the  surface  of  the  sea  to  the 
atmosphere  during  24  hours  under  various  conditions,  taking  these  conditions  into  account  we  could 
judge  approximately  the  time  when  freezing  would  begin. 

LITERATURE:  65. 

Section  32.  Features  of  Vertical  Winter  Circulation 
in  the  Shallows 

Let  us  assume  that  from  observations,  the  horizontal  oceanographic  gradients  at  the  initial 
moment  in  the  examined  sector  of  the  sea  are  equal  to  0,  while  the  vertical  gradients  are  uniform, 
i.e. , that  the  sea  consists  of  horizontal  layers,  which  are  uniform  with  respect  to  temperature  and 
salinity.  Let  us  further  assume  that  at  a certain  moment  the  vertical  circulation  extends  to  the  top 
of  a submarine  bank  (figure  20).  At  this  moment,  "ventilation”  of  the  top  of  the  bank  begins,  as 
follows,  tho  surface  layers  (oxygen  enriched  due  to  exchange  with  the  atmosphere  and  enriched  with 
nutritive  matter  as  a result  of  the  photosynthetic  action  of  plants)  will  be  continuously  mixed  with 
the  bottom  layers. 


Figure  20.  Diagram  of  the  creep 

of  cool  waters  along  tho 
slopes  of  the  shore. 


With  further  cooling  of  the  sea  surface,  the  lower  boundary  of  vertical  circulation,  dropped 
even  more.  But  here,  naturally,  the  water  above  the  top  of  the  bank  cooled  somewhat  more  and 
correspondingly  its  density  becomes  somewhat  greater  than  above  deeper  places.  As  a result,  the 
colder  deeper  waters  start  to  creep  down  the  slopes  of  the  bank  until  they  drop  to  the  level  with 
equal  density.  In  turn,  the  creep  of  the  water  from  the  slopes  is  compensated  for  by  a rise  in  the 
deep  waters  which  creates  circulation,  as  indicated  in  figure  20  by  the  arrows. 

We  should  note  that  such  a pnenomenon  is  of  considerable  significance  only  when  the  surface 
layers  of  the  sea  have  comparatively  high  initial  temperatures.  Actually,  we  have  seen  that  with 
temperatures  close  to  the  freezing  point,  a temperature  change  has  practically  no  effect  on  density. 
It  is  a different  story  when  vertical  circulation  is  accompanied  by  ice  formation  and  the  salinity  in- 
crease which  goes  along  with  it. 

If  the  depth  of  the  bank  is  less  than  the  critical  depth  of  vertical  circulation,  the  temperature 
of  the  water  above  it  drops  to  the  freezing  point  sooner  and  ice  formation  starts  earlier. 

Further,  we  have  seen  that  the  salinity  increase  in  the  sea  during  ice  formation,  if  we  assume 
the  salinity  of  ice  to  be  0,  is  determined  by  the  formula 

as-Mc 
p s’ 

where  i - the  thickness  of  the  ice, 

5 = the  salinity  of  the  water  from  which  the  ice  forms, 
p --  the  depth  of  propagation  of  vertical  winter  circulation. 

Assuming  that  the  initial  salinity  is  15  o/oo  and  the  thickness  of  the  ice  forming  in  winter  is 
2 m,  which  is  common  for  the  regions  of  the  New  Siberian  Islands,  for  example,  we  find  that  toward 
the  end  of  winter  the  salinity  at  the  10  m depth  has  increased  to  17.6  o/oo  and  at  the  5 m depth,  to 
20.4  o/oo,  which  gives,  in  the  first  case,  a natural  density  of  14. 12,  and  in  the  second  case,  16.38. 
Understandably,  such  a large  difference  in  densities  unfailingly  involves  creep  of  cold  and  more 
saline  waters  to  deeper  locations  or,  at  least,  to  deeper  levels.  Naturally,  such  phenomena  are 
observed  off-shore,  particularly  in  shoals  and  are  realized  to  a very  great  extent  in  the  frozen 
reaches  of  the  ocean,  particularly  in  the  Arctic  Basin. 

LITERATURE:  62,  77. 

Section  33.  The  Cold  Intermediate  Layer 

The  vertical  winter  circulation  continues  as  long  as  cooling  does,  and  at  the  moment  it  ceases, 
it  is  characterized  by  the  amount  of  heat  released  by  the  sea,  by  the  thickness  of  the  mixed  layers, 
and  by  their  overall  temperature.  The  latter,  in  the  case  of  ice  formation,  naturally  is  equal  to  the 
freezing  point,  while  in  the  absence  of  ice  formation,  depending  on  the  vertical  salinity  gradient  it 
may  be  either  higher  or  lower  than  the  temperature  of  the  lower  lying  layers. 

Let  us  assume,  as  in  the  majority  of  cases,  that  the  temperature  of  the  mixed  layers  is  lower 
than  the  temperature  of  layers  not  affected  by  vertical  circulation  (temperature  inversion)  and  let 
the  lower  circulation  boundary  at  the  moment  it  ceases,  be  defined  by  depth  p'.  In  this  case,  the 
vertical  temperature  distribution  is  represented  schematically  by  curve  abed  (figure  21).  Let  us 
further  assume  that  at  this  same  moment  summer  heating  of  the  upper  sea  layers  begins,  gradually 
extending  to  greater  and  greater  depths.  Correspondingly,  (if  the  heating  proceeds  under  calm  con- 
ditions) the  upper  layers  heat  through  and  the  vertical  temperature  distribution  is  shown  by  curve 
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a'  bed  . Thus,  as  a result  of  winter  cooling  and  the  subsequent  summer  heating,  a cold  inter- 
mediate layer  is  formed  between  levels  p and  p 


Figure  21.  Formation  of  the  cold  inter- 
mediate layer. 


We  see  that  in  time  the  cold  intermediate  layer,  no  longer  maintained  by  cooling  from  above, 
will  be  gradually  eliminated  from  below  by  frictional  mixing  with  lower  lying  layers,  and  from 
above  by  continual  heating  and  by  frictional  mixing  with  the  upper,  warmer  layers,  which  is  shown 
on  the  temperature  curve  by  a gradual  elimination  of  points  on  the  curve,  as  is  shown  in  figure  21 
by  the  dashed  lines. 

If  winter  cooling,  as  compared  with  summer  heating,  were  not  sufficiently  intense,  in  time  all 
traces  of  a cold  intermediate  layer  would  disappear.  On  the  other  hand,  if  winter  cooling  is  suffi- 
ciently intense  traces  of  the  cold  intermediate  layer  will  remain  even  toward  the  start  of  new  cool- 
ing. The  cold  intermediate  layers  formed  as  a result  of  vertical  winter  circulation  and  summer 
heating  are  characteristic  during  spring  and  summer  for  all  seas  of  the  temperate  and  polar  lati- 
tudes with  noticeable  vertical  salinity  gradients.  Depending  on  local  conditions,  the  cold  interme- 
diate layer  may  be  temporary,  disappearing  after  a year,  or  continual,  i.e. . maintained  over  many 
years.  Depending  also  on  local  conditions,  the  temperature  of  the  cold  intermediate  layer  may  be 
comparatively  very  high  and  very  low — close  to  the  freezing  point. 

The  less  the  summer  heating  and  the  stronger  the  winter  cooling,  the  deeper  the  lower  bound- 
ary of  the  cold  intermediate  layer  will  drop,  and  the  lower  will  be  its  temperature.  When  the  verti- 
cal winter  circulation  is  accompanied  by  ice  formation,  the  temperature  of  the  cold  intermediate 
layer  drops  to  the  freezing  point . 

Tables  24  and  25  give  examples  of  spring  and  summer  distribution  of  temperature  and  salinity 
in  regions  of  ice  formation. 
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TABLE  24.  BERING  SEA,  14  JULY  1932.  52 °42' NORTH.  150 ”03'  EAST. 
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TABLE  25. 
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In  the  Bering  Sea  the  cold  intermediate  layer  is  considerably  less  evident  towards  the  middile 
of  July,  thanks  to  summer  heating  and  mixing.  In  the  Barents  Sea,  toward  the  end  of  August  at  a 
depth  of  50  m,  the  freezing  point  is  still  maintained,  mainly  because  this  station  is  located  close  to 
the  retreating  edge  of  floating  ice.  This  ice  obstructs  deep  penetration  of  solar  radiation  and 
consequently,  heating. 

As  this  example  shows,  the  cold  intermediate  layer  is  generally  most  clearly  expressed  and 
is  preserved  longest  of  all  at  the  edge  of  melting  ice.  Thus,  by  the  way,  the  cold  intermediate 
layer  in  ice  regions  is  expressed  in  summer,  we  can  judge  when  the  sea  will  open.  On  the  other 
hand,  in  regions  where  the  ice  is  carried  by  the  wind  and  currents  only,  no  formation  of  the  cold 
intermediate  layer  is  observed. 

Figure  22  shows  the  isotherms  of  the  cross  section  which  we  made  aboard  the  Perseus  on 
5 to  10  August  1928  in  the  Barents  Sea  along  the  edge  of  melting  ice.  From  this  it  is  clear  that 
along  the  entire  cross  section,  approximately  between  the  20  and  120  m levels,  a strong  cold  inter- 
mediate layer  with  a temperature  considerably  less  than  -1°  is  observed. 


77*27'N  78*4  7'N 


Figure  22.  Cold  intermediate  layer  in  the 
Barents  Sea  in  August  1928. 
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In  regions  of  the  sea  where  the  vertical  winter  circulation  encompasses  the  tops  of  submarine 
elevations  and  banks,  the  pnenomenon  of  the  cold  intermediate  layer  has  certain  peculiarities. 

Let  us  assume  that  at  the  time  the  lower  boundary  of  the  vertical  winter  circulation  occupied 
a certain  position  below  the  top  of  a submarine  elevation,  winter  cooling  ceased,  and  in  conjunction 
with  the  start  of  summer  heating,  formed  the  cold  intermediate  layer.  Gradually,  due  to  the  ab- 
sorption of  solar  radiation  and  due  to  frictional  mixing,  this  layer  will  be  eliminated  from  above. 

At  deep  places  it  will  be  eliminated  by  frictional  mixing  from  below,  as  well.  If  the  submarine  ele- 
vation in  question  lies  in  the  path  of  a warm  current,  as  happens,  e.g.  , in  the  southern  part  of  the 
Barents  Sea,  the  effect  of  the  washing  away  of  the  remains  of  the  winter  regime  by  warm  waters, 
both  from  above  and  below,  will  be  added  to  the  effect  of  radiation  and  frictional  mixing.  Since  the 
velocity  of  the  current  above  submarine  elevations  is  less  than  above  deep  water  troughs,  it  is  nat- 
ural that  this  washing  effect  is  greater  in  the  troughs. 

LITERATURE:  47,  62. 


Section  34.  The  Discontinuity  Layer 

We  use  the  term  discontinuity  layer  to  designate  that  layer  where  the  corresponding  vertical 
gradients  are  large — temperature,  salinity,  oxygen  content,  density,  etc.  , depending  on  which  of 
the  oceanographic  characteristics  actually  change  most  rapidly  in  the  given  layer. 

The  discontinuity  layer  of  density  is  naturally  of  particular  significance  in  the  ocean  regime; 
this  indicates  the  high  stability  of  the  surface  which  separates  the  given  layers. 

As  we  have  seen  in  Section  27,  the  overall  stability  of  layers  is  comprised  of  the  stability 
which  is  determined  by  the  vertical  temperature  distribution  and  the  vertical  salinity  distribution. 

It  follows  from  this  that  there  is  great  stability  when  the  temperature  and  salinity  stabilities  are 
combined  e.g. , with  simultaneously  heating  and  salinity  increase  of  the  surface  waters,  or  when 
fresher,  warmer  shore  waters  are  superimposed  on  more  saline  and  colder  ocean  waters. 

Generally,  in  the  surface  layers  of  the  low  latitudes  a temperature  discontinuity  layer  pre- 
vails which  becomes  weakened,  and  sometimes  even  eliminated,  by  convection  due  to  an  increase 
in  salinity  during  evaporation,  hi  the  temperate  latitudes  the  temperature  discontinuity  layer  is 
characteristic  of  summer,  and  is  usually  eliminated  by  winter  cooling.  In  the  high  latitudes  in 
summer,  the  salinity  discontinuity  layer  is  characteristic,  forming  as  a result  of  a temperature 
increase  and  the  melting  of  ice,  and  disappearing  in  winter  during  ice  formation.  Thus,  depending 
on  local  conditions,  the  density  discontinuity  layer  may  be  either  temporary,  seasonal,  or  contin- 
uous. The  depths  of  the  disposition  of  the  discontinuity  layer  also  vary  within  wide  limits,  de- 
pending on  local  conditions.  We  have  seen  that  if  the  layer  stability  is  high,  frictional  mixing  is 
very  much  hindered,  or  almost  ceases.  In  this  case  the  layers  slide  one  along  the  other,  as  it 
were,  and  the  circulation  in  each  of  them  has  its  own  particular  nature,  reminiscent  of  the  circula- 
tion in  shallows,  where  the  current  at  the  upper  levels  may  be  directed  in  one  direction,  while  in 
the  lower  levels,  in  the  opposite  direction,  for  compensation. 

The  density  discontinuity  layer  which  is  clearly  expressed  in  certain  ocean  regions  creates 
another  extremely  interesting  phenomenon,  as  for  example  the  phenomena  of  "dead  water,” 

"mire,"  etc. 

If  the  discontinuity  layer  is  located  not  far  below  the  surface  of  the  sea  (within  the  reach  of  a 
ship's  dr;ift),  when  a ship  passes  through  the  discontinuity  layer  waves  are  set  up  which  increase 
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the  drag  of  the  water.  Then  the  ship  loses  quite  a bit  of  speed.  Thus,  the  velocity  of  the  Fram, 
which  entered  the  region  of  dead  water  off  the  Taimyr  Peninsula  on  29  August  1893,  dropped  from 
4.  5 to  l knot. 

The  concept  of  mire  was  established  in  connection  with  the  development  of  submarine  naviga- 
tion. Submarines,  in  regions  where  a sharp  density  discontinuity  layer  is  observed,  on  submerging, 
balance  their  bouyancy  in  such  a manner  that  they  sink  in  the  upper  layer  and  ascend  in  the  lower 
layer.  In  such  a case,  the  boat  may  lie  . a discontinuity  layer  without  moving  as  if  on  a real 
bottom. 

LITERATURE:  62,  103. 


Section  35.  The  Distance  Transfer  of  Temperature 
Anomalies  of  the  Ocean 

As  soon  as  the  surface  temperature  of  a certain  ocean  region  deviates  from  the  norm  for 
some  reason  or  another,  this  anomaly  is  immediately  transferred  to  the  bottom  (by  mixing)  and 
horizontally  (by  currents). 

Let  us  assume  that  a temperature  anomaly  is  created  in  the  center  of  a rectangular  canal 
throughout  whose  cross  section  there  flows  a current  caused  by  some  force  or  another.  This  anom- 
aly is  immediately  reflected  in  the  slope  of  the  longitudinal  level  of  the  canal.  It  can  be  easily  seen 
that  with  a negative  anomaly  in  the  upstream  part  of  the  canal  the  current  velocity  increases,  while 
in  the  downstream  part  of  the  canal,  It  decreases.  Conversely,  with  a positive  anomaly,  the  veloc- 
ity of  the  current  upstream  decreases,  and  the  downstream  increases. 

Thus,  any  temperature  anomaly  inevitably  creates  an  anomaly  of  the  velocity  of  the  current, 
whereupon  if  the  temperature  at  any  place  upstream  anomalously  increases,  this  causes  an  in- 
crease in  the  downstream  velocity,  and  vice  versa. 

Let  us  further  assume  that  we  are  dealing  with  a warm  current,  i.e. , with  one  for  which  the 
temperature  dropped  downstream,  (e.g.  , the  Nordkapp,  Spitsbergen,  and  deep  Arctic  currents)  and 
that  for  some  reason  or  another  the  velocity  of  the  current  increased  in  a certain  part  of  it.  If  we 
assume  that  in  the  time  it  takes  to  run  from  this  region  to  another,  the  current  is  cooled  propor- 
tionally to  the  time  of  this  run,  it  appears  that  the  temperature  downstream  should  increase  even 
when  the  temperature  does  not  change  upstream.  It  is  evident  that  for  a cold  current  (the  Green- 
land current)  with  an  increase  in  the  velocity  upstream,  the  temperature  of  the  current  downstream 
drops  correspondingly.  Thus,  temperature  changes  result  in  velocity  changes,  and  vice  versa. 

For  a warm  current,  temperature  and  velocity  changes  are  unidirectional.  In  first  approximation, 
we  may  consider  that  an  increase  in  the  temperature  of  such  currents  is  proportional  to  an  increase 
in  their  velocities,  and  vice  versa.  The  reverse  phenomena  should  be  observed  in  cold  currents. 

Let  us  now  assume  that  in  a certain  time  interval  the  temperature  increases  upstream. 
Accepting  the  fact  that  here  the  current  velocity  does  not  change  throughout  its  entire  length,  as  is 
the  case  with  conditions  of  heat  exchange  with  the  atmosphere  and  the  contiguous  waters,  we  find 
that  the  temperature  increase  noted  anywhere  upstream  will  consequently  be  noted  in  ranges  lo- 
cated further  downstream.  Thus  the  propagation  rate  of  a temperature  anomaly  will  be  determined 
by  the  velocity  of  the  current  itself,  and  sometimes  may  serve  as  a reliable  means  for  actually 
judging  the  mean  velocity  of  this  current. 
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We  submit  figure  23  as  an  example;  according  to  Nansen  and  Helland-Hansen  the  mean  May 
temperatures  in  the  hydrological  cross-sections  of  the  Songe  Fjord,  the  Lofoten  Islands,  and  along 
the  Kola  Meridian,  and  the  area  of  the  open  water  in  the  Barents  Sea  in  May  are  shown  here.  From 
the  figure  it  is  clearly  evident  that  the  rise  and  drops  in  temperature,  noted  on  the  Songe  Fjord  are 
noticed  after  a year  in  the  Lofoten  Islands , and  in  the  following  year  in  the  Kola  Meridian  and  in  the 
iciness  of  the  Barents  Sea.  There  were  not  sufficient  further  investigations  at  Songe  Fjord  and 
Lofoten  Islands  cross-sections  to  be  able  to  continue  this  comparison.  In  any  event,  by  analyzing 
the  available  data  from  the  Songe  Fjord  cross-sections  in  May  1925  and  1929  and  in  August  1928  and 
1932,  Helland-Hansen  notes  that  evidently  in  1928,  highly  saline  Atlantic  water  entered  the  Norwe- 
gian Sea.  In  1931  Mosby  also  detected  water  of  increased  salinity  northeast  of  Spitzbergen.  Ac- 
cordingly, 2 to  3 years  are  evidently  required  for  Atlantic  waters  to  move  from  the  Norwegian 
coast  to  the  northeast  shores  of  Spitsbergen. 


Figure  23.  (1)  Mean  May  temperature  cross  sections 

at  Songe  Fjord;  (2)  mean  May  temperature 
cross  sections  at  the  Lofoten  Islands; 

(3)  mean  May  temperature  cross  sections 
along  the  Kola  Meridian:  (4)  area  of  open 
water  in  May  in  the  Barents  Sea . 

Developing  Nansen’s  and  Helland-Hansen's  ideas,  I came  to  the  conclusion,  based  on  calcula- 
tions of  the  velocities  of  the  Nordkapp  current,  that  the  waters  of  this  current  require  about  1 year 
to  reach  the  northern  part  of  the  Kara  Sea.  On  the  other  hand,  considering  that  the  Nordkapp  cur- 
rent is  only  a branch  of  the  main  Spitsbergen  currents,  I assumed  that  at  the  moment  the  crest  of 
the  thermal  wave  is  noted  off  Murman,  this  same  crest,  travelling  along  the  main  Spitsbergen  cur- 
rent, should  be  located  off  the  southern  shores  of  Spitsbergen.  The  following  year  the  crest  should 
be  located  in  the  region  to  the  north  of  Spitsbergen,  and  the  year  after,  it  should  appear  in  the 
region  between  Franz  Joseph  Land  and  Severnaya  Zemlya.  Thus,  the  temperature  anomalies  noted 
along  the  Kola  Meridian  should  be  observed  to  the  north  of  Mys  Zhelanyia  within  a year,  and  in  the 
northern  part  of  the  Kara  Sea  in  two  or  three  years. 

Karakash  and  Somov  further  showed  that  the  temperature  anomalies  observed  along  the  Kola 
Meridian  are  reflected  in  the  iciness  of  the  Laptev  Sea  in  four  years. 

Figures  24  and  25  according  to  Somov,  show  the  distribution  of  temperature  anomalies  all 
along  the  Kola  Meridian  in  1935  and  1937. 

But,  anomalies  of  the  temperatures  of  sea  currents  create  corresponding  anomalies  in  the 
heat  flux  from  the  sea  into  the  atmosphere.  In  particular,  for  the  northern  part  of  the  Kara  Sea  we 
must  consider  that  the  further  north  the  positive  temperature  anomaly,  the  further  north  the  paths 
of  cyclones  pass. 

Figure  26  shows  according  to  Somov,  the  dependence  of  the  trajectories  of  cyclones  on  the 
difference  of  the  mean  annual  temperatures  in  the  cross-section  along  the  Kola  Meridian.  The 
solid  line  shows  the  mean  latitude  of  the  cyclone  trajectories  in  the  northern  part  of  the  Kara  Sea 
for  1930  to  1938  (according  to  Drogaitsev)  and  for  1939  to  1940  (according  to  Somov). 
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Figure  24.  Distribution  of  temper- 
ature anomalies  in  1935. 


Figure  25.  Distribution  of  temper- 
ature anomalies  in  1937. 


Figure  26.  The  trajectories  of  cyclones  as  a function  of  the  difference 
in  mean  annual  temperatures  in  the  cross  sections  along 
the  Kola  Meridian. 


The  dashed  line  gives  the  curve  of  the  underlying  surface,  and  is  constructed  in  the  following 
manner.  For  example,  for  the  1930  curve,  we  take  the  difference  in  the  mean  annual  temperature 
along  the  Kola  Meridian  for  1927  (northern  region)  and  for  1929  (southern  region);  for  the  1931 
curve,  we  take  the  difference  in  the  indicated  temperatures  for  1928  and  1930,  etc.  The  positive 
sign  of  this  difference  shows  that  the  positive  anomaly  for  a given  year  is  greater  in  the  northern 
region  than  in  the  southern,  and  vice  versa,  (figures  24  and  25). 

Examining  figure  26,  we  see  that  the  curves  intersect  quite  well,  and,  although  Somov  con- 
siders the  11-year  series  of  observations  insufficient  for  a final  representation  of  the  proposed 
hypothesis,  1 have  no  idea  about  not  accepting  its  correctness.* 

*1  made  plans  for  expeditions  in  1932  aboard  the  Kn  ipovi  ch  (sailing  around  Franz  Joseph 
Land  at  this  time)  and  in  1935  on  the  icebreaker  SaJko  (setting  a record,  as  yet  unsurpassed,  of 
open  sea  navigation  to  82°42'  north  in  this  year)  based  on  actual  calculation  of  the  time  of  the 
appearance  of  the  crests  of  several  waves  noted  in  the  cross  section  along  the  Kola  Meridian. 
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As  Drogaitsev  currently  points  out,  in  the  Arctic  Seas  where  we  encounter  intimate  expanses 
of  open  water  and  ice  masses  in  close  proximity,  the  horizontal  temperature  gradients  of  the  under- 
lying surfaces  are  large  enough  to  change  atmospheric  pressure  at  sea  level. , i.e.  , that  recorded 
on  synoptic  charts. 

We  must  also  add  to  Drogaitsev's  discussion  that  it  is  not  so  much  the  actual  air  temperature, 
as  the  processes  of  evaporization  and  condensation  which  absorb  and  release  enormous  quantities  of 
heat  that  play  a role  in  the  thermal  interaction  of  the  ocean  and  the  atmosphere.  These  processes, 
as  we  have  seen,  are  determined  by  the  water  vapor  pressure,  while  the  later  process  (condensa- 
tion) is  not  the  same  over  ice  and  water,  even  when  their  temperatures  are  the  same.  Therefore, 
there  can  never  be  equilibrium  in  the  atmosphere  above  ice  and  above  the  sea. 

Changes  in  atmospheric  pressure  cause  corresponding  changes  in  wind  direction,  while  this 
latter  case  causes  changes  in  air  temperature,  in  the  amount  of  advective  heat,  etc. ; these  in  turn 
are  all  reflected  in  the  ocean's  regime. 

Up  to  this  point  we  have  examined  anomalies  which  are  created  in  individual  regions  due  to 
anomalies  in  the  temperature  of  sea  currents.  We  may  note  that  the  effect  of  even  slight  anomalies 
of  this  type  may  be  increased  considerably  by  the  pressure  distribution  anomalies  imparted  by 
them,  and  even  more  so  by  the  wind  distribution  anomalies. 

Actually,  the  corresponding  wind  distribution  may,  for  example,  break  up  the  ice  and  create 
between  the  pieces  a considerable  band  of  open  water  or,  may  drive  the  ice  away  from  the  corre- 
sponding shore.  The  spaces  of  open  water  formed  absorb  solar  radiation  considerably  better  than 
the  ice,  and  therefore  the  horizontal  air  temperature  gradient  increases,  the  pressure  gradient 
intensifies,  etc.  Thus,  the  pressure  and  wind  distribution  anomalies  created  by  the  temperature 
anomalies  and  sea  currents  may,  under  certain  combinations  of  physical-geographic  conditions, 
play  the  role  of  resonators,  strongly  increasing  the  magnitude  of  these  anomalies. 

Naturally,  for  the  transfer  of  temperature  anomalies  by  sea  currents,  the  following  are 
characteristic:  1)  All  other  anomalies  of  the  physical-chemical  characteristics  of  a water  mass 
are  simultaneously  transferred  (e.g. , salinity)  and  2)  This  process  generally  requires  a long 
period  of  time.  For  example,  according  to  my  calculations  the  temperature  anomaly  of  Atlantic 
waters,  observed  off  northwestern  Spitsbergen,  should  in  some  way  or  another  be  reflected  in 
Bering  Strait  only  after  4-1/2  years.  Dobrovol'skii,  having  determined  the  propagation  rate  of 
Atlantic  waters  in  the  Arctic  Basin  for  observations  at  the  station  "North  Pole"  and  on  the  Si  d.'v 
arrived  at  the  same  results. 

Vize  has  told  me  that  according  to  his  1943  calculations,  the  anomalies  of  temperature,  pres- 
sure, iciness,  etc. , spread  in  the  seas  of  the  Soviet  Arctic  from  west  to  east  at  a rate  of  20° 
longitude  per  year. 

We  have  seen  that  any  sea  temperature  anomaly  causes  changes  or  shifts  in  one  direction  or 
another  of  the  pressure  topography.  However,  a change  or  shift  of  the  pressure  topography  in  one 
region  of  the  sea  causes  definite  shifts  in  that  of  the  adjacent  regions. 

Figure  27  (according  to  Ovchinnikov)  shows  the  connection  between  the  departures  in  the  tem- 
peratures of  the  January  cross-section  along  the  Kola  Meridian  (33*30'  east),  in  the  Barents  Sea 
and  the  deviations  of  the  winter  air  temperatures  (December-February)  from  the  mean  multi-annual 
temperatures  at  the  "Uellen”  polar  station  and  the  iciness  of  the  Chuckchee  Sea  in  degrees  of 
concentration. 
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Figure  27.  Departure  of  the  temperature  of  the  cross  sec- 
tion along  the  Kola  Meridian  on  15  January  from 
the  mean  multiannual  (•— ) ; departure  of  the 
winter  air  temperature  (December  to  February) 
at  the  "Uellen"  polar  station  from  the  mean 
multiannual  (— );  iciness  of  the  Chuckchee  Sea 
in  degrees  of  concentration  ( — ) . 


Figure  28  (also  according  to  Ovchinnikov)  shows  atmospheric  pressure  in  December  for  a 
number  of  years  at  Cape  Barrow  and  at  the  center  of  the  Iceland  minimum. 


Figure  28 . Mean  atmospheric  pressure  in 
December  at  Cape  Barrow  (— ) 
and  mean  atmospheric  pressure 
in  December  at  the  center  of 
the  Iceland  minimum  ( — ). 


Examining  these  figures  we  see  a definite  parallelism  in  the  phenomena  in  quite  widely  scat- 
tered regions  of  the  ocean,  while  these  phenomena  are  somehow  or  other  connected  with  the  corre- 
sponding changes  in  the  temperature  of  the  ocean's  surface  layer  (causing  them,  or  vice  versa, 
being  caused  by  them) . 


Thus,  a change  in  the  temperature  of  the  water'c  surface  layers,  causing  changes  in  the  pres- 
sure topography  in  one  region  of  the  ocean  (in  a definite  period  of  time  and  in  a definite  direction  for 
each  region),  affects  the  temperature  of  different  regions  of  the  ocean,  sometimes  located  very  far 
away  from  the  given  region. 


LITERATURE:  46,  66,  77,  109,  125,  143. 
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CHAPTER  IV 

ICE  FORMATION  AND  ICE  TYPES  IN  THE  SEA 

Section  36.  The  Concept  of  Ice  Formation 

In  regard  to  what  we  have  learned  about  crystallization,  ice  formation  does  not  begin  imme- 
diately throughout  the  entire  liquid  after  cooling  to  the  melting  point,  but  at  individual,  chaotically, 
but  equally  distributed  points  in  it,  where  nuclei  of  crystallization  are  already  present  or  are  being 
formed.  The  process  of  generation  of  nuclei  of  crystallization  is  unknown.  It  is  considered  that 
nuclei  of  crystallization  occur  around  the  smallest  suspended  particles  of  organic  and  inorganic  ori- 
gin, which  always  exist  in  natural  water  and  which  are  formations  of  the  most  varied  size,  form, 
and  structure.  In  particular,  Wegener  points  out  that  the  dust  carried  by  air  consists  primarily  of 
quartz  grains  which  serve  as  excellent  nuclei  of  crystallization.  Under  natural  conditions,  besides 
this,  the  tiniest  of  ice  crystal  particles  already  existing  in  a given  volume  of  water,  are  snow  crys- 
tal particles  which  fall  on  the  surface,  these  often  serve  as  nuclei  of  crystallization.  Ice  and  snow 
crystal  particles,  as  Altberg  points  out,  play  a dual  role:  on  one  hand,  they  play  the  role  of  nuclei 
of  crystallization  around  which  further  ice  accretion  occurs,  on  the  other  hand,  they  are  special 
seeds,  viz.,  accelerators  of  the  growth  of  nuclei  of  crystallization  and  their  conversion  into  ele- 
mentary ice  particles. 

The  effect  of  ice  crystal  particles  as  seed  crystals  is  easily  demonstrated  by  the  experiment 
described  by  Shenrok. 

A grain  of  salt  with  snow  flakes  on  it  was  thrown  into  slightly  supercooled  water.  This  grain 
slowly  sank  to  the  bottom  of  the  vessel  and  during  this  the  effect  of  "a  crawling  meteor  with  a tail 
behind  it"  was  created.  The  crystal  particles  moving  through  the  water  in  turn  continually  caused 
the  formation  of  other  crystal  particles,  so  that  the  water  was  gradually  enriched  by  them.  The 
process  occurred  much  faster  when  the  water  was  agitated. 

The  initial  formation  of  nuclei  of  crystallization  and  elementary  ice  particles  always  requires 
a certain  supercooling  of  the  liquid.  The  purer  the  liquid  and  the  calmer  its  state,  the  greater 
must  the  original  supercooling  be.  It  is  known  that  under  laboratory  conditions,  pure  water  can  be 
cooled  to  -32°C,  but  it  is  enough  even  for  a slightly  supercooled  liquid,  to  introduce  a small  piece 
of  ice  to  start  rapid  ice  formation  immediately.  As  Altberg  shows,  a single  grain  of  ice  thrown 
into  a tank  of  water  supercooled  to  -0. 1°  creates  2 to  3 kg  of  ice  in  30  seconds. 

In  natural  water  there  are  always  some  types  of  impurities  on  which  nuclei  of  crystallization 
will  form,  and  furthermore  natural  waters  are  always  involved  in  some  movement  for  some  reason 
or  another.  Because  of  this,  the  supercooling  necessary  for  the  formation  of  nuclei  of  crystalliza- 
tion in  natural  water,  is  always  extremely  slight;  it  is  less,  the  more  intense  is  the  movement  of 
the  water  and  the  more  particles  are  suspended  in  it. 

Supercooling  of  water  is  also  necessary  for  the  further  accretion  of  ice  on  nuclei  of  crystal- 
lization. Actually,  this  process  requires  a slight  temperature  difference  between  water  and  ice, 
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which  causes  a constant  flow  of  heat  across  the  water-ice  surface  of  separation.  In  this  way,  ice 
particles  whose  temperature  is  0°  are,  so  to  speak,  surrounded  by  pockets  of  warm  water  during 
ice  formation  which  protect  them  from  excessive  cooling.  Conversely,  during  ice  melting,  when 
heat  is  introduced  from  without,  the  ice  particles  are  surrounded  by  a pocket  of  cold  water  which 
prevents  the  ice  temperature  from  rising  above  0°. 

Figure  29  shows  the  temperature  variation  during  ice  formation  in  agitated  fresh  water  (ac- 
cording to  Altberg).  If  water  is  cooled  considerably  and  at  the  same  time  vigorously  agitated,  the 
temperature  sometimes  drops  to  -0.  2°  before  ice  formation  begins.  Then,  as  the  amount  of  ice 
increases,  the  temperature  of  the  water  rises  to  0°. 


tizo 


o'jo 

Q'M 
-til  0 
-0:20 

0 10  20  30  00  50  60 

Figure  29.  Changes  in  water  temperature  during  ice  formation. 

Thus,  the  basic  condition  necessary  for  ice  formation  is  a certain  supercooling  of  water. 

Furthermore,  for  the  conversion  of  water  from  its  liquid  into  its  solid  phase,  it  is  necessary 
to  remove  a comparatively  large  amount  of  heat  from  it — the  heat  of  crystallization.  Consequently, 
the  second  necessary  condition  for  ice  formation  is  the  assurance  that  water  will,  by  some  means 
or  another,  lose  a great  deal  of  heat. 

LITERATURE:  4,  5,  40,  62,  141. 

Section  37.  Ice  Formation  in  Fresh  Waters 

Let  us  assume  that  we  have  a certain  volume  of  fresh  water  which  is  being  cooled  from  the 
surface,  and  which  is  at  rest.  Since  the  freezing  point  of  fresh  water  is  lower  than  its  temperature 
of  maximum  density,  by  the  time  the  temperature  of  the  surface  layer  reaches  the  freezing  point, 
all  convective  currents  have  ceased.  A certain  supercooling  of  a very  thin  surface  layer  causes  the 
formation  of  nuclei  of  crystallization  in  it.  The  distribution  of  these  nuclei  along  the  surface  of  the 
water  will  naturally  be  chaotically  uniform,  but  further  developments  cannot  of  course  be  uniform 
in  all  directions. 
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Actually,  the  heat  of  crystallization  released  during  ice  formation  must  immediately  be  re- 
leased to  the  atmosphere  for  the  process  to  continue,  since  otherwise  it  will  be  used  in  raising  the 
temperature  of  the  layer.  Hence,  it  is  most  natural  that  the  growth  of  the  nuclei  develops  primarily 
In  a horizontal  direction  and,  due  to  this,  prismatic  crystals  are  formed  first  whose  optic  axes  are 
parallel  to  the  terrain  of  freezing.  Further,  in  the  cells  between  them,  according  to  Golovkov's 
microscopic  experiments,  plate  crystals  developed  whose  optic  axes  are  perpendicular  to  the  plane 
of  freezing.  From  the  moment  the  possibility  of  further  horizontal  growth  of  crystals  is  halted  by 
contact  with  adjacent  plates,  a growth  of  vertically  oriented  crystals  begins  to  predominate.  This 
process  is  disrupted  only  when  separate  rapidly  developing  vertically  oriented  crystals  turn  on 
their  sides. 

As  a result,  we  obtained  ice  which  resembles  a fusion  of  truncated  prisms  and  pyramids 
which  face  upward  and  whose  form  more  or  less  approximates  a hexagon,  and  whose  cross  section 
slowly  decreases  downward. 

Inasmuch  as  the  ice  crystals  consist  only  of  water  molecules,  all  impurities  gradually  pass 
from  the  water  into  the  interlayers  between  the  crystals.  The  basic  mass  of  a salt  solution,  due  to 
its  great  density,  runs  downward,  while  air  bubbles  are  forced  out  by  the  continuing  growth  of  the 
crystals.  Thus,  when  water  is  in  a calm  state  and  is  gradually  cooled,  a pure  surface  ice  of  needle 
structure,  free  of  impurities  and  air  bubbles,  is  formed. 

The  needle  structure  of  ice  is  most  clearly  evident,  e.g. , in  ponds  during  spring,  when 
melting  begins.  Solar  heat  is  absorbed  mainly  by  the  salts  and  slime  inclusions  contained  between 
the  layers  surrounding  the  individual  crystals.  As  a result,  the  lower  surface  of  this  ice  appears 
honeycombed,  as  if  it  had  been  peppered  with  sharp  barbs,  that  is,  crystals  of  pure  ice  separated 
from  each  other  by  films  of  melt  water  containing  slime  and  salts. 

Needle  ice,  as  we  have  seen,  is  formed  under  the  condition  that  the  water  is  at  rest.  But  if 
the  water  is  sufficiently  agitated,  ice  forms  in  a somewhat  different  manner.  Actually,  the  super- 
cooling of  water  which  is  necessary  in  this  case,  for  the  creation  of  nuclei  of  crystallization,  can 
appear  in  the  entire  volume  of  the  agitated  liquid,  and  then  ice  formation  will  begin  around  the 
formed  nuclei.  The  released  heat  of  crystallization  is  carried  off  to  the  surface  by  the  eddies 
which  form  during  the  agitation,  and  these  same  eddies  constantly  bring  supercooled  water  particles 
from  the  top,  which  according  to  Altberg,  guarantees  further  development  of  the  process.  Thus,  if 
ice  formation  in  still  water  always  begins  at  the  surface,  with  sufficient  agitation  of  the  water,  ice 
formation  can  begin  at  a certain  depth,  or  even  near  the  bottom.  For  this,  the  essential  factors 
(according  to  Altberg)  are:  water  in  the  state  of  motion  (the  dynamic  factor)  and  supercooling  it 
(the  thermodynamic  factor). 

Because  of  their  small  size,  the  ice  particles  which  form  within  the  mass  of  water  do  not 
float  to  the  surface  immediately,  but  are  carried  from  place  to  place,  freeze  together  on  contact, 
and  finally  rise  to  the  surface.  During  the  formation  of  deep  ice,  the  water  ordinarily  contains 
myriads  of  ice  particles  throughout  its  entire  mass  which  are  barely  visible;  they  appear  as  shining 
dots  when  the  observer  sees  them  at  a certain  angle  to  the  sun’s  rays.  It  is  noted  that  when  a small 
piece  of  ice  is  introduced  into  supercooled  water,  a certain  clouding  of  the  water  occurs  at  first 
which  is  called  ice  fog.  Then,  tiny  ice  particles,  which  are  true  colloids,  collect  into  bunches, 
grow,  and  finally  turn  into  a spongy  mass  saturated  with  water. 

According  to  Altberg,  who  formulated  the  above  theory  of  deep  ice  formation,  the  elementary 
particles  of  this  ice  are  perfectly  round  discs  with  mirror-like  side  surfaces  and  an  even,  ns  it 
were,  polished,  rim  (figure  30).  This  form  of  deep  ice  elements  is  explained  by  the  melting  and 
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abrasion  of  their  edge  as  a result  of  a great  number  of  collisions  with  other  elements  during  their 
rise  to  the  surface  of  the  water.  A unit  of  such  ice  is  completely  transparent  and  is  visible  in 
water  only  in  the  case  of  complete  internal  reflection;  ordinarily  it  is  about  -I  to  8 mm  in  diameter 
and  0. 1 mm  or  less  thick. 

The  nuclei  of  crystallization  which  form  in  the  film  of  water  enveloping  bottom  objects  lend  to 
the  formation  of  a variation  of  deep  ice,  bottom  ice. 

It  has  been  noted  that  the  intensity  of  bottom  ice  formation  is  not  the  same  on  all  objects;  it 
forms  very  well  on  metallic  objects,  less  well  on  glass,  nnd  hardly  forms  on  wood,  for  example. 

As  they  grow,  pieces  of  bottom  ice  break  loose  from  the  bottom  and  float  up  to  the  surfnee, 
often  with  soiled  particles,  rocks,  and  other  objects  frozen  to  them.*  After  the  surface  is  covered 
by  the  surface  ice  or  deep  ice  which  has  floated  to  the  surface,  further  formation  of  deep  ice  ceases 
in  fresh  water.  Actually,  we  have  seen  that  the  second  fundamental  condition  necessary  for  ice 
formation  necessitates  n great  loss  of  heat  by  the  water.  This  loss  is  hindered  by  the  presence  of 
surface  ice,  nnd  with  further  supercooling  of  the  water,  it  ceases  in  favor  of  crystallization. 

Naturally,  the  most  vigorous  agitation  is  observed  in  the  fast  rapids  of  rivers  where  the 
nmount  of  deep  ice  is  often  four  to  five  times  greater  than  the  amount  of  surfnee  ice  which  forms 
simultaneously.  In  the  Angara,  according  to  Altberg,  deep  ice  is  almost  the  exclusive  formation. 

As  Velikanov  points  out,  the  formation  of  deep  ice  does  not  cease  for  very  long  if  there  are 
;>  1 ;.r.  ;j  :s  , **  in  which  case  Ice  formation  always  take  place  below  these  polynyns.  Floating 


*In  river  rapids,  bottom  ice,  slowly  growing,  sometimes  reaches  the  very  surface  of  the 
water,  creating  characteristic  ice  formation  called  pntrnms. 

;/.j-  Any  sizable  sea  water  area,  other  than  a lead,  encompassed  by  ice. 
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upwards,  dorp  Ice  sticks  to  the  surface  ice  and  forms  ice  jams,  narrowing  the  active  cross  section 
of  the  river  (on  the  Svir'  Hiver,  e.  g.  , sometimes  by  SO  per  cent). 

LITERATURE:  4,  5,  13,  2(i,  62,  77. 


Section  38.  Peculiarities  of  Ice  Formation  in  the  Sea 

I.et  us  assume  that  at  the  beginning  of  freezing,  with  the  sea  at  rest,  we  have  a series  of  par- 
aiiel  layers,  uniform  in  temperature  and  salinity  In  which  the  density  of  the  layers  increases  with 
depth. 


After  the  surface  layer  cools  somewhat  below  the  freezing  point,  nuclei  or  cyrstalllzatlon 
begin  to  form  and  Ice  crystals  begin  to  grow  in  the  fallen  needles.  These  needles,  if  the  sea  is 
calm,  develop  very  rapidly  at  low  temperatures  and  change  to  plate  crystals.  The  ends  of  these 
crystals  usually  are  Irregular  and  slightly  rounded.  The  salt  dissolved  in  the  sea  simultaneously 
pass  into  the  interlayers  between  the  crystals  where  they  form  '’brine.  ” The  latter,  due  to  its  re- 
latively high  salinity,  in  part  drains  down  along  the  crystals  (which  causes  convective  currents  in 
the  entire  surface  layer  of  the  water),  and  in  part,  with  sufficiently  intense  cooling,  remains 
frozen  in  between  the  crystals  of  pure  ice  in  the  form  of  brine-filled  cells.  With  sufficiently  rapid 
freezing,  the  gasses  and  air  bubbles  dissolved  in  the  water  are  concentrated  in  similar  cells. 

During  the  summer  in  the  polar  basins,  the  interstratification  of  the  surface  layers  is  clearly 
expressed  in  the  majority  of  cases,  and  the  salinity  Increases  sharply  with  depth.  The  surface 
layers  are  diluted  by  the  melting  of  ice  and  by  the  influx  of  fresh  waters,  whereas  the  deep  layers 
are  either  of  oceanic  origin  (high  salinity  and  high  temperature)  or  they  have  been  made  saline  by 
the  winter  ice  formation.  Because  of  this,  the  upper  layer  can  be  very  thin  here,  and  at  the  same 
time  differ  very  much  in  salinity  from  low  er-lying  layers. 

Thus,  the  most  favorable  conditions  for  the  start  of  ice  formation  are  in  calm  seas,  the  pres- 
ence of  a thin  and  a very  fresh  surface  layer,  and  a great  release  of  heat  to  the  atmosphere  (which 
is  assisted  by  low  air  temperature,  causing  strong  convection,  or  a very  dry  transparent  air, 
causing  strong  evaporation  and  radiation).  The  fall  of  even  a small  amount  of  precipitation  in  solid 
form  on  the  surface  of  the  sea  intensifies  the  process  still  more.  As  many  observers  have  noted, 
the  more  favorable  the  conditions  for  ice  formation,  the  finer  are  the  developing  crystals  and  the 
more  uniform  and  stable  are  the  forms  created  from  them. 

The  Indicated  phenomena  are  also  characteristic  for  the  thicker  surface  layers  of  the  sea. 

With  the  beginning  of  ice  formation,  convective  currents  always  arise,  whose  intensity  is  deter- 
mined by  the  intensity  of  cooling,  and  up  to  the  time  the  surface  of  the  sen  is  covered  by  a layer  of 
ice  (no  matter  how  thin)  the  nuclei  of  crystallization  can  occur,  and  around  them,  and  throughout 
the  entire  mass  of  the  upper  convection-mixed  layers,  new  ice  formations  can  develop. 

But  In  the  sea,  aside  from  convective  mixing,  one  observes  extremely  intense  mixing  of  upper 
layers  of  the  water  by  wave  motion  or  currents.  Under  such  conditions,  depth  ice  and  even  bottom 
ice,  may  lx-  formed  first. 

In  separate  areas  of  the  arctic  seas,  the  vertical  winter  circulation  can  bo  so  strong,  that 
when  the  layer  Involved  in  a circulation  is  thin,  the  release  of  heat  by  the  water  to  the  atmosphere 
may  lx-  sufficient  for  forming  embryos  of  deep  ice  in  this  layer. 


Hut  nevertheless,  the  formation  of  depth  and  bottom  Ice  In  a sea,  as  In  fresh  water,  ordi- 
narily ceases  after  the  formation  of  a surface  rind  of  ice,  since  direct  release  of  heat  by  the  water 
to  the  air  ceases  after  this. 

Thus,  there  is  no  basic  difference  between  the  formation  of  deep  ice  in  fresh  water  and  in  the 
seas;  in  both  cases,  a certain  supercooling  and  mixing  of  water  which  guarantee  heat  release,  are 
necessary. 

LITERATURE:  62,  77. 

Section  39.  Ice  Formation  at  Positive  Air  Temperatures 

Ice  formation  in  the  sea  ordinarily  begins  at  negative  air  temperatures  and  after  the  tempera- 
ture of  the  surface  level  has  decreased  to  the  freezing  point.  In  individual  cases,  however,  ice 
formation  can  begin  at  positive  air  temperatures  as  well. 

Two  conditions  are  necessary  for  this:  1)  The  surface  layer  of  the  water  should  be  very  thin 
and  it  should  differ  sharply  in  density  from  the  lower  layers,  and  2)  effective  radiation  should  be 
sufficiently  strong.  For  the  latter,  a very  dry  transparent  atmosphere  is  necessary. 

I observed  a characteristic  example  of  ice  formation  in  a very  thin,  very  fresh  surface  layer 
on  5 September  1934  in  Traurenberg  Hay  (79° 58'  north,  16°48’  east)  during  the  voyage  of  the 

P rseus. 

It  was  about  noon  on  a calm  day  (the  sun's  elevation  was  approximately  17°)  with  a completely 
cloudless  sky,  air  temperature  2.6°  (at  a height  of  about  6 m),  atmospheric  pressure  1,030  mb, 
and  relative  humidity  65  per  cent  (the  minimum  relative  humidity,  recorded  by  the  automatic  re- 
corder, was  59  per  cent  for  the  day). 

The  water  temperature  at  the  very  surface  of  the  sea  was  4.92°.  The  salinity  of  a water 
sample,  taken  simultaneously,  was  37.  73  o/oo.  The  water,  carefully  dipped  from  the  surface  of 
the  sea  by  a bucket,  was  of  lower  temperature  (about  3.5  per  cent).  Despite  the  high  temperature 
of  the  subsurface  layers  (bottom  temperature  at  a depth  of  64  m was  4. 18°),  a very  thin  film,  con- 
sisting of  fresh  (to  the  taste)  ice  appeared  from  time  to  time  on  the  surface  of  a completely  calm 
sea.  But  a gust  of  wind  and  the  appearance  of  ripples  were  sufficient  to  destroy  the  ice  which  was 
melted  by  the  heat  of  subsurface  water  particles  which  rose  to  the  surface  of  the  sea  with  a new 
heat  supply  when  ripples  formed. 

Such  formations  of  thin  surface  Ice  in  the  presence  of  relatively  high  water  and  air  tempera- 
tures had  also  been  observed  earlier. 

Scoresby  often  observed  this  phenomenon  in  1882,  and  writes  that  "during  cloudy  weather, 
when  the  thermometer  is  at  -1.7°,  the  surface  of  the  sea  does  not  freeze,  but  during  clear,  calm 
weather,  when  the  sun  drops  towards  the  horizon,  the  sea  begins  to  freeze,  even  though  the  ther- 
mometer is  at  +2. 2°  or  higher.  " 

The  same  phenomena  was  observed  by  Nordenskjold  on  31  August  1879  during  the  voyage  of 
the  Vena,  off  the  New  Siberian  Islands. 

Nordenskjold  writes  "the  sky  was  clear  of  clouds  at  the  zenith  and  in  the  east.  . . despite  the 
fact  that  the  temperature  of  the  air  and  water  was  above  the  freezing  point,  we  had  the  opportunity 
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of  observing  ice  formation  on  the  culm,  mirrorlike  surface  of  the  sea.  This  ice  was  in  part  needles 
and  in  part  a thin  scale.  Before  this  I had  already  often  observed  such  a phenomenon  on  an  arctic 
sea,  1. e. , I had  seen  ice  formation  with  an  air  temperature  above  O'  ." 


On  17  May  1923  the  same  phenomenon  was  observed  by  Amold-Aliabev  from  the  Icebreaker 
- • : n in  the  Gulf  of  Finland  at  the  southern  tip  of  lioglund  Island  in  open  water  near  continuous 
floating  ice.  In  calm,  clear  weather,  the  ice,  on  being  removed  from  the  water,  proved  to  be  sev- 
eral tens  of  millimeters  thick,  and  looked  like  Hat  cakes,  l.e. , plates  of  scaly  and  branched  struc- 
ture with  Irregular  edges.  Solid  transparent  ice  about  2 mm  thick  hud  formed  in  about  15  minutes. 

These  examples  show  that  the  formation  of  surface  ice  during  high  water  and  air  tempera- 
tures, but  necessarily  during  the  absence  of  wind  and  with  a clour  sky.  is  an  ordinary  phenomenon. 
Even  Scoresby  explained  it  by  radiation.  The  observations  on  the  : . -.r,  are  characteristic  only 

in  that  the  temperature  of  the  air  and  water  are  usually  high  in  comparison  with  the  temperatures 
observed  earlier. 

LITERATURE:  S,  62,  77,  120. 

Section  40.  The  Basic  Varieties  of  Ice  in  the  Sea 

Ice  structure,  bused  on  its  origin,  is  arbitrarily  divided  into  "needle  ice"  and  "sponge  ice.  " 
As  we  shall  see  below,  sea  ice,  in  the  course  of  its  birth,  life  and  death,  undergoes  strong 
physical -chemical  tuid  thermodynamic  changes,  but  its  basic  properties,  remain  the  same.  Needle 
ice  forms  slowly,  a considerable  part  of  the  brine  drains  down  from  the  interlayers  between  the 
crystals,  and  the  air  is  separated  out  along  the  vertically  located  cells.  Because  of  this,  needle 
ice  is  freer  of  impurities,  is  more  transparent  and  durable  than  sponge  ice.  The  latter  always  con- 
tains more  of  the  various  types  of  impurities,  which  is  particularly  noticeable  if  such  ice  is  formed 
at  or  near  the  bottom  of  the  sea.  In  the  latter  case,  particles  of  silt,  etc. , can  be  found  in  the 
brine  cells. 

The  division  of  the  sea  into  needle  ice  and  sponge  ice  according  to  its  structure,  is  more  or 
less  arbitrary,  as  has  already  been  pointed  out.  Trunsitional  forms  are  usually  observed  in  nature. 
Furthermore,  we  can  observe  individual  layers  in  the  same  block  of  ice.  Thus,  for  example,  deep 
ice  of  spongy  structure,  after  it  has  floated  to  the  surface  begins  to  grow  from  below  as  needle  ice. 
Needle  ice  which  forms,  when  broken  into  separate  pieces  by  the  wind,  can  be  overgrown  with 
spongy  ice,  if  the  surrounding  water  is  sufficiently  cooled  and  agitated.  Mechanical  causes  have  a 
still  greater  effect  on  individual  ice  beams.  IXiring  agitation,  wind  and  compressions,  ice  floes 
may  be  pushed  up  on  top  or  one  another,  and  freeze  together.  As  a result,  ice  is  obtained  which 
consists  of  several  more  or  less  uniform  layers  separated  by  interlayers  formed,  In  the  majority 
of  cases,  from  the  snow  which  covers  the  upper  surfaces  of  the  lower  ice  floes.  Finally,  when  one 
Ice  flow  slides  over  another,  equilibrium  can  be  destroyed  and  the  ice  can  turn  over  or  the  surface 
of  separation  can  become  tilted.  Thus,  the  stratification  of  the  ice  is  a sign  of  the  changes  which  it 
has  undergone  in  the  course  of  its  existence.* 

Ice  formed  from  snow  occupies  a somewhat  spectal  place,  due  to  its  structure.  Snow  which 
has  fallen  on  the  sea  surface,  whose  temperature  is  near  the  freezing  point,  does  not  melt,  tait  is 
permeated  by  sea  water,  becomes  denser,  and,  as  we  have  seen,  aids  in  the  freezing  of  water. 


♦Such  dynamic  stratification  of  ice  can,  and  must  be,  differentiated  from  its  thermal  stratifi- 
cation, which  is  created  as  a result  of  changes  in  the  temperature  of  the  air  and  water  (hiring  ice 
formation.  I will  deal  with  the  question  of  thermal  stratification  in  Section  SL 
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Th«-  "granular"  ice  which  has  been  obtained  Is  almost  opaque  (It  consists  of  (trains)  and  r embles 
firm  Ice.  Still  more  unique  Is  the  shape  of  the  Ice  formed  from  snow,  which  fulls  on  the  surface  of 
new  Ice,  constantly  damp  with  brine. 

Thus,  in  first  approximation,  on  the  basis  of  structure,  sen  ice  can  be  divided  into  needle, 
sponge  and  granular,  w hile  on  the  basis  of  deep  formation,  into  surface,  deep  and  bottom  Ice. 

Needle  Ice  consists  of  regular  hexagonal  pyramids  with  the  axes  perpendicular  to  the  surface 
°f  l*u'  80 a (oriented  crystals).  Such  ice  resembles  glass  (externally). 

Sponge  Ice  consists  oi  needles,  plates  and  grains  (unorlented  crystals)  intertwined  in  various 
directions. 


Granular  ice  consists  of  round  grains,  i.e.  , separate  crystals  round  in  form,  with  nonpar- 
allel axes.  Such  ice  is  formed  from  ice  and  snow  during  friction  and  pressure  of  ice  floes  against 
each  other.  When  the  grains  are  very  close  together,  this  Ice  also  resembles  glass. 

Surface  Ice  is  formed  at  the  very  surface  of  the  sea  from  sea  water  or  snow.  If  it  is 
termed  from  sea  water  when  the  sea  is  calm,  its  structure  approximates  the  needle  type,  while 
when  the  sea  is  not  calm,  it  resembles  the  sponge  type. 


IX'ep  Ice"  is  formed  at  a certain  depth  below  the  surface  of  the  sea;  Its  structure  is  ordin- 
arily spongy.  Bottom  ice  is  formed  on  objects  lying  on  the  bottom;  it  is  a variation  of  depth  ice, 
and  also  has  a spongy  structure. 


A tougher  subdivision  ol  ice  according  lo  Its  external  appearance  (which  can  be  determined 
visually)  is  Its  classltication  as  vitreous  and  porous,  and  as  stratified,  which  is  a combination  of 
these  two  types  when  they  undergo  change. 


Recently  some  Investigators  approached  the  question  of  ice  structure  from  the  petrographic 
point  ol  'lew;  in  other  words,  they  examined  ice  as  a mineral,  and  adapted  to  it  the  classification 
established  lor  rocks.  Actually,  ice  forms  from  water  (which  is  a primary  geological  substance)  in 
much  the  same  way  as,  for  example,  crystalline  silicon  rocks  form  from  melted  liquid  magma. 
Since  during  its  existence  ice  undergoes  many  thermodynamic  reactions,  ice  can  also  be  a meta- 


morphte  rock.  This  view  is  shared  by  many.  Some  classify  ice  as  nepiunic  (sedimentary)  rock. 

It  such  analogies  are  drawn,  surface  ice  should  be  classified  as  an  Igneous  rock,  while  depth  ice, 
which  rises  to  the  surface  oi  the  sea  and  for  which  the  surface  is  the  "bottom”  should  be  classified 
rather  as  a sedimentary  rock. 

LITERATURE:  62,  77. 


Section  41.  Initial  Forms  of  Surface  Ice 

Small  crystals,  in  the  form  of  ice  needles  which  spread  in  every  direction  and  which  inter- 
mingle with  each  other,  form  on  the  surface  of  the  sea  when  it  is  calm  and  there  is  no  wind.  These 
primary  formations  gradually  grow  larger,  fuse  together,  and  form  spots  of  film  on  the  surface  of 
the  sea,  which  In  form  resemble  congealing  lard  and  which  are  called  "lard  ice,  "or  simply  "lard." 

I ard  ice  (ordinarily  a dark  lead  color,  which  differs  only  slightly  from  the  color  of  the  water  during 
cloudy  weather)  externally  resembles  finely  ground  ice  saturated  with  water. 


l'he  first  result  of  lard  lot'  formation  is  the  ileslruetion  of  wind  ripples  on  the  surlaee  of  a 
ealtn  or  agitated  sea.  Stnee  lee  formation  does  not  begin  evenly  over  the  entire  surlaee  of  the  sea 
but  rather  as  separate  more  or  less  rare  spots,  the  sea  surlaee  assumes  the  appearance  ol  moire 

II  the  surlaee  ot  the  sea  is  very  Iresh,  with  further  cooling  and  a sea  completely  at  rest,  its 
entire  surface  Is  covered  by  a thin  shiny  rind  called  "bottle  ice"  or  "ice  rind"  (figure  ;tl). 


Figure  hi.  bottle  ice. 


It  should  be  noted  that  essentially,  Untie  ice  is  a typical  form  ol  Iresh  ice.  because  of  Ibis, 
bottle  ice  at  sea  is  observed  in  fresh  water  basins  which  form  during  the  summer  in  the  arctic  on 
ice  fields  (between  old  ice  where  the  surface  layer  can  be  completely  fresh  when  there  is  no  wind) 
and  at  the  mouths  of  rivers. 

Such  bottle  ice  is  as  transparent  as  glass,  breaks  easily  into  pieces,  and  when  the  ship 
passes  through  it,  it  shatters  with  a characteristic  crackling. 


forms  from  lard  fro  on  :i  calm  sea.  This  Is  a dull  opaque  tee  with  a surface  damp 
from  brine,  grey,  and  easily  discernible  from  the  bridge  of  a ship  or  from  an  airplane.  As  opposed 
to  bottle  lee,  which  Is  brittle,  nllas  is  extremely  plastic;  it  bends  easily  on  a wave,  and  when 
smashed,  gathers  Into  pieces.  Hurke  arbitrarily  divides  nllas  according  to  colors  into  dark  and 
light  grey,  limiting  the  thickness  to  approximately  10  cm.  He  further  points  out  that  the  dark  color 
of  nilas  is  due  not  so  much  to  water  shining  through  it  as  to  its  high  brine  content.  Also,  due  to 
this,  the  snow  tailing  on  the  surface  ol  nilas  melts. 

With  slight  turbulence,  ice  formation  sometimes  seems  to  originate  from  many  centers  (disks 
;10  to  Ml  cm  in  diameter).  This  is  the  "pancake  tee,"  which  is  tile  most  widespread  initial  form  of 
ice  m the  sea  (figure  32).  Pancake  ice  is  often  observed  on  lakes  and  quiet  rivers. 


Figure  32.  Pancake  ice. 


Hound  toi  ms  of  pancake  ice  are  the  most  frequent.  Toll's  expedition  observed  the  formation 
of  pancake  ice  tn  the  torm  of  ellipses  during  a 2 to  3 m sec-wind.  Such  a change  in  form  can  also 
be  caused  by  currents.  In  September  1933  during  the  expedition  of  the  5 > ! k a along  the  eastern 
shores  of  I ran/  .tosef  Hand,  I observed  variations  of  pancake  ice.  Individual  elements  were  angular 
in  form,  and  the  surface  ol  the  ice  resembled  crocodile  skin  in  design.  Evidently,  such  forms  of 
pancake  ice  are  created  in  connection  with  the  breaking  of  nilas  by  interference  waves,  and  naturally 
torm  thicker  ice. 

Small  ridges  along  the  edges  of  the  pancake  ice  discs,  which  form  due  to  the  friction  of  one 
disc  against  the  other,  are  characteristic.  Tills  gives  ii  the  appearance  of  flat  frying-pans. 

Pancake  tee  discs,  gradually  thickening  and  freezing  together,  finally  form  more  or  less  ex- 
tensive folds  of  continuous  ice,  in  which  the  ridges  along  their  edges,  which  are  1 to  2 cm  higher 
and  whiter  than  the  discs  themselves,  give  the  surface  of  the  freezing  sea  an  appearance  of  being 
covered  by  a white  net. 

With  wind  and  strong  agitation,  the  lard  ice  gathers  into  whitish  fragments  called  "brash."  This 
gathering  is  especially  characteristic  along  the  crests  of  waves.  During  the  5 : • expedition  in 

193.i,  with  an  air  temperature  of  - <» 0 and  a strong  w ind,  I observed  the  formation  of  brash  accumu- 
lations stretched  out  behind  the  wave  crests  in  the  direction  of  the  wind.  It  seemed  that  brash 
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formed,  skipping  the  lard-tce  stage.  Dobrovol'skli  related  to  me  In  January- February,  1931, 
during  the  voyage  of  the  Kn  ipouich  in  the  Kanin- Kolguev  region,  that  he  observed  a peculiar  brash 
consisting  of  regular,  transparent,  thin  plates  1 to  2 cm  long  and  2 to  3 mm  wide.  These  plates, 
which  had  not  frozen  together  at  all,  formed  a layer  of  brash  more  than  a half-meter  thick.  On 
top.  the  brash  was  completely  dry.  It  packed  the  Intake  ports  of  the  cooling  system  so  that  it  was 
necessary  to  stop  the  engine  every  5 to  10  minutes. 

The  precipitation  of  snow  on  the  surtace  of  the  sea  always  accelerates  ice  formation.  Here, 
the  surface  layer  always  becomes  fresher,  cools,  and  moreover,  Introduces  nuclei  of  crystalliza- 
tion into  the  water.  When  snow  falls  on  a sea  surface  whose  temperature  is  below  zero,  the  snow 
does  not  melt  but  forms  a soft,  dough-like  mass  called  nr.r'r.  r i ("snow  slush"). 

Even  when  the  air  temperature  is  high,  snow  slush  causes  ice  needles  to  form  in  the  nearest 
cooled  water  layers.  When  there  is  turbulence  and  wind,  snow  slush,  like  the  brash,  gathers  in 
bands  consisting  of  lumps  of  snow  saturated  with  sea  water.  With  further  freezing  of  the  sea,  the 
snow  slush  bands  differ  sharply  In  their  appearance  and  white  color  from  the  surrounding  ice 
formed  from  sea  water. 

Thus,  the  primary  forms  of  Ice  formation  in  the  sea  are  ice  needles  and  laid  ice,  which  give 
the  sea  a strange,  greasy  appearance,  'vhen  the  sea  is  calm,  bottle  Ice  and  nilas  are  the  next 
stage.  When  the  sea  is  not  calm,  pancake  ice  is  formed,  and  when  the  sea  is  very  agitated,  brash 
ice  is  found.  In  the  majority  of  cases.  Ice  formation  starts  from  the  shores,  from  individual  ice 
floes,  and  from  shore  ice,  and  extends  gradually  to  the  sea.  Because  of  this,  all  stages  of  ice 
formation  can  be  traced  simultaneously. 

Thus,  on  15  September  1935,  along  the  eastern  edge  of  Franz  Joseph  Land,  when  approaching 
and  entering  the  windward  edge  of  the  ice  at  -10° , we  observed  from  the  5:  Ik.-  the  following 
forms  of  ice  in  a small  area:  lard  ice,  graying,  very  thin  ice  (nilas),  pancake  ice,  consisting  of 
discs  with  ridges  along  their  edges,  and  the  edge  of  old  ice  from  which  ice  formation  was  pro- 
ceeding. As  they  neared  the  edge  of  the  ice,  the  pancake  ice  discs  increased  in  size.  It  could  be 
seen  that  the  large  discs  represented  the  fusion  of  smaller  initial  discs.  By  means  of  tills  fusion, 
pancake  ice  discs  can  attain  a diameter  of  two  meters. 

As  has  already  been  pointed  out,  initial  ice  formations  look  dark  steel  or  lead  in  color,  which 
is  explained  by  the  fact  that  they  are  almost  completely  saturated  with  water  due  to  their  thinness. 

As  the  ice  thickens,  it  begins  to  ride  above  the  water,  and  at  first  turns  gray,  then  white.  The 
ridges  of  pancake  ice  are  the  first  to  start  turning  gray.  Further  cooling  Is  accompanied  by  thick- 
ening and  fusing  of  individual  ice  floes,  and  thus  young  ice  or  u id  : - is  created,  which  is 
light-gray  and  rough,  and  which  has  a surface  moistened  by  the  separated  brine  (figure  33). 

In  the  majority  of  cases,  the  upper  surface  of  young  ice  is  smooth  and  slightly  rippled;  the 
lower  surface,  during  the  period  of  ice  formation,  is,  on  the  other  hand,  very  uneven  and  in  some 
cases,  where  there  are  no  currents,  resembles  a brush  of  ice  crystals.  According  to  observations 
made  on  the  ’• r a layer  of  sea  water  10  cm  thick  or  more,  saturated  with  ice  crystals 
which  gradually  freeze  to  the  ice  from  below  and  thus  thicken  it,  lies  directly  under  the  lower  sur- 
face of  young  ice  when  it  is  2 to  3 cm  thick. 

It  has  already  been  pointed  out  that  even  lard  ice  eliminates  wind  ripples  completely  on  the 
surface  of  the  sea.  Brash,  snezhura,  and  pancake  ice  completely  eliminate  the  secondary  wind 
waves,  and  very  large  waves  gradually  assume  the  appearance  of  a frozen  ripple,  when  such  ice 
extends  downward. 


During  winter,  under  calm  conditions,  young  ice  is  gradually  covered  with  snow  and  increases 
in  thickness  due  to  freezing  from  the  bottom;  in  the  arctic  it  reaches  a thickness  of  1 to  2 m in  May. 

An  undisturbed  growth  of  ice  during  the  entire  winter  is  possible  mainly  in  sheltered  bays,  in 
fast-ice  areas,  and  between  large,  thick  ice  formations.  In  the  majority  of  cases,  the  ice  is  fre- 
quently broken,  fragmented,  and  heaped  from  the  very  beginning  of  its  existence. 

LITERATURE;  23,  l>2,  77. 


Section  42.  Deep  Ice 

It  has  already  been  (tointed  out  that  with  low  air  temperatures  and  strong  mixing  and,  particu- 
larly, when  there  is  no  ice  cover,  ice  forms,  not  on  the  surface  of  the  water  but  at  a certain  depth. 

Later,  these  ice  formations,  due  to  their  small  siz.e  and  slight  difference  in  density  from 
water  (the  Archimedes  forces  exceed  friction  forces  only  slightly),  can  remain  in  a suspended  state 
a long  time  until,  increasing  in  siz.e  or  freezing  together  with  other  particles  of  the  same  kind,  they 
float  up  to  the  surface  of  the  sea  and  fuse  with  surface  ice. 

This  phenomenon  is  not  accidental.  On  the  contrary,  many  consider  that  during  the  process 
of  ice  formation,  the  entire  layer  of  water  included  in  vertical  winter  circulation  is  filled  with  the 
tiniest  particles  of  deep  ice.  New  particles  of  deep  ice  constantly  arise  replacing  such  particles 
which  rise  up  the  lower  surface  of  the  ice  cover. 
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The  sudden  appearance  of  large  masses  of  deep  Ice  has  often  been  noted  In  the  Arctic  Basin, 
Thus,  during  the  expedition  on  the  r in,  Nansen  observed  this  phenomenon  north  of  the  New 
Siberian  Islands,  and  Sverdrup  observed  it  at  81°30'  north,  to  the  northwest  of  Spitsbergen.* 

Interesting  observations  of  deep  ice  formation  were  conducted  by  Wright  and  Priestley  during 
the  British  Antarctic  expedition  (1910  to  1913). 

These  observations  were  corrolwrated  by  Altberg,  who  noted  that  during  formation  of  deep 
ice,  the  water  contains  a multitude  of  ice  elements  throughout  its  entire  mass,  which  are  hardly 
noticeable  but  which,  when  the  observer's  eye  is  in  a particular  position  in  relation  to  the  sun's 
rays,  appear  as  shining  points. 

Further,  Wright  and  Priestley  also  noted  that  in  antarctic  conditions,  supercooling  during  the 
greater  part  of  winter  extended  to  a depth  of  8 m.  A rope  lowered  into  the  water  for  three  days 
was  overgrown  with  porous  ice  resembling  lace  or  "fret-work  lady's  boa"  up  to  12  cm  in  diameter. 
This  "boa”  gradually  narrowed  with  depth,  and  at  a depth  of  8 m disappeared  (figure  34). 

Wright  and  Priestley  indicate  that  deep  ice  formed  independently  of  whether  or  not  there  was 
any  ice  on  the  surface  and  also  independently  of  the  thickness  of  surface  ice.  As  f was  informed  by 
Captain  Melkhov  during  the  voyage  of  the  icebreaker  L n in  in  January,  1942,  among  solid  nllas 
ice  off  the  Dvfna  Gulf,  he  often  had  the  opportunity  of  observing  the  following.  The  icebreaker 
navigating  freely  through  the  nllas  at  a speed  of  5 to  7 knots,  sometimes  gradually  lost  headway 
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Figure  34.  A rope  overgrown  by  deep  ice. 


*In  individual  cases,  deep  ice  floating  up  can  have  a practical  effect.  Thus,  Tanfil'ev  notes 
that  in  1879  In  the  Baltic  Sea,  several  steamers  and  sailing  vessels  were  suddenly  caught  by  rising 
ice  which  rapidly  attained  considerable  thickness,  and  they  had  a difficult  time  extricating 
themselves. 


even  though  there  were  no  signs  of  ice  thickening.  After  stopping  the  Bhlp,  he  discovered  that  a 
singular  pillow  of  deep  ice  in  the  form  of  needles  and  crystals  had  accumulated  in  front  of  the  bow 
of  the  icebreaker.  Evidently,  beneath  the  solid  nllas  ice  during  very  low  air  temperatures  (25  - 30” 
below  zero),  the  water  was  filled  with  particles  of  deep  ice  in  various  stages  of  development.  It  Is 
possible  that  the  movement  of  the  icebreaker  itself  served  as  a peculiar  catalyzer  which  created 
deep  ice.  Captain  Shtumpf  assured  me  that  he  observed  the  same  phenomena  in  the  Yenisei  Gulf. 

It  follows  from  these  observations  that  in  the  separate  polar  regions  vertical  winter  circula- 
tion can  be  strong,  that  when  a layer  of  slight  deptn  is  involved  in  this  circulation,  the  heat  released 
by  the  water  to  the  atmosphere  proves  to  be  sufficient  for  forming  deep-ice  nuclei  in  this  case.* 

Unfortunately,  it  is  not  always  possible  to  analyze  the  phenomena  causing  and  accompanying 
the  rise  of  large  masses  of  deep  ice.  Often,  only  the  fact  itself  is  noted  without  attempts  at  an  ex- 
planation, and  meanwhile  formation  of  deep  ice  can  occur  under  different  conditions. 

The  formation  of  deep  ice  along  the  interface  dividing  a highly  cooled  saline-water  layer  and 
the  layer  flowing  over  it,  of  cold  highly  freshened,  water,  has  been  most  fully  clarified.  This 
phenomenon  is  particularly  noticeable  during  calm  weather  when  the  upper  and  lower  layers,  which 
differ  considerably  from  each  other  in  density,  hardly  mix. 

On  II  June,  1894,  during  the  expedition  on  the  t'r  ir.  , Nansen  discovered  a rind  of  soft  ice 
3 cm  thick  at  a depth  of  2 to  3 m in  a polynya,  and  came  to  the  conclusion  that  formation  of  deep  ice 
at  the  surface  of  separation  between  cool  sea  water  of  high  salinity  and  almost  fresh  melt  water  is 
a common  phenomenon. 

In  1897,  Otto  Petterson  brought  to  attention  the  fact  that  in  Skagerrak  the  rise  of  ice  beams  is 
sometimes  observed  which  are  formed  at  the  surface  of  separation  between  the  surface-freshened 
layer  (having  a salinity  less  than  22  o/oo,  a temperature  of  -0.8°,  and  a freezing  point  of  -1.2°) 
and  the  deeper  saline  layer  (having  a salinity  of  more  than  33  o/oo  and  a temperature  of  -1.4°). 

In  his  notes  during  the  drift  on  the  ,lov,  Duinltskll  notes  on  28  July  1938,  that  he  found  a 
thin  layer  of  completely  fresh  ice  on  the  very  "bottom"  of  a water  opening.**  After  a day,  a new 
crust  of  ice  formed  in  place  of  the  one  removed  from  the  bottom  of  the  maina  .*** 

On  25  July  1939,  in  the  maina  across  which  they  were  making  hydrographic  observations  on 
the  ' ■ , an  ice  rind  consisting  of  two  layers  2 and  4 cm  thick,  was  discovered  at  a depth  of 

2.5  m.  Separate  pieces  of  ice  were  completely  fresh. 

Phenomena  of  the  same  sort  were  observed  at  the  start  of  winter  near  the  mouths  of  rivers 
emptying  into  the  sea,  especially  near  the  mouths  of  rivers  flowing  south  to  north.  Cold,  fresh 
water  flowing  onto  the  surface  of  the  cold  sea,  is  cooled  from  below,  sometimes  causing  formation 
of  deep  ice. 

LITERATURE:  R2,  77,  107,  128,  164,  179. 

•On  my  request,  Evdenov  tried  several  times  to  repeat  the  Wright  and  Priestley  observation 
during  the  drift  of  the  Aid  Ire  in  the  Laptev  Sea  during  the  winter  of  1937,  but  his  results  were 
negative. 

•♦  AYomoi  - An  opening  in  the  ice  made  by  currents;  a lead  eroded  by  currents. 

**•  A/a  ina  - A local  term  for  po  1 ;,n  ya  ■ 
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Section  43.  Ice  Under  Ice 

The  course  of  deep-ice  formation  underneath  ice  is  characteristic.  Large  supplies  of  almost 
fresh  melt  water  form  during  melting  on  the  surface  of  the  ice  fields  and  fast  tee.  After  the  ice 
fields  either  melt  through  or  are  broken,  this  melt  water  goes  under  the  Ice  and  here,  spreading 
along  the  sea  water,  which  at  this  time  is  near  freezing,  creates  a peculiar  ice  under  ice.  This 
phenomenon  was  first  discovered  by  Nansen.  He  noted  that  ice  which  had  formed  in  the  autumn  of 
1893  attained  a thickness  of  257  cm.  Six  days  later,  Nansen  discovered,  completely  unexpectedly, 
that  the  thickness  of  the  ice  had  increased  19  cm  despite  the  fact  that  the  surface  of  the  ice  melted 
several  centimeters  daily. 

With  further  measuring,  Nansen  obtained  the  data  given  in  table  26. 

TABLE  26.  ICE  THICKNESS  ACCORDING  TO  NANSEN'S  MEASUREMENTS 


Date 

Thickness  of  Ice 

in  Centimeters 

Total 

Main 

Sub- 

ice 

23  July  1891 

249 

223 

26 

10  August  1894 

217 

194 

24 

22  August  1894 

206 

186 

20 

3 October  1894 

198 

175 

23 

12  October  1894 

208 

180 

28 

Nansen  explained  this  phenomenon  by  the  fnct  that  the  fresh  water  formed  during  melting, 
when  draining  off  under  ice,  comes  in  contact  with  the  saline  sen  water,  whose  temperature  is -1.6°. 

It  is  natural  that  the  Iresh  water  which  freezes  at  0°  quickly  turns  into  a peculiar  sponge  ice 
when  coming  into  contact  with  the  upper  layer  of  the  sea. 

Toll's  Russian  polar  expedition  of  I960  to  1903  investigated  exhaustively  the  process  of  spring 
ice-under-ice  growth  both  under  nntural  and  laboratory  conditions.  The  observations  of  this  expe- 
dition supported  Nansen’s  conclusions.  As  it  developed,  fresh-water  ice  under  ice,  formed  as  a 
result  of  the  contact  between  the  drain-off  of  fresh  snow  water  with  the  cold  sen  water  (whose  tem- 
perature is  from  -1.2°  to  -1.5°),  is  an  ice  of  coarsely  crystalline  form,  which  sometimes  attains 
a thickness  of  10  to  15  cm. 

This  phenomenon  was  checked  in  the  laboratory.  A piece  of  ice  about  5 cm  thick  was  placed 
in  a solution  of  table  salt  having  a temperature  of  about  -5°.  Fresh  water,  treated  with  fuchsln 
was  added  to  the  solution  through  a vertical  hole  in  the  piece  of  lee. 

Draining  under  the  ice  and  coming  In  contact  with  the  cold  solution,  the  fresh  water  began  to 
freeze,  and  froze  to  the  lower  surface  of  the  ice.  In  this  manner,  the  phenomenon  and  structure  of 
"sub-ice,  fresh-water  ice,  " which  had  been  observed  in  nature,  were  reproduced  exactly  in  the  lab- 
oratory. Sub-ice,  fresh  Ice  has  a clear  crystalline  structure  consisting  of  loosely  connected  large 
crystals.  Its  lower  surface  is  very  Irregular  and  coarse,  and  a layer  of  ice  porridge  consisting  of 
weakly  Joined  ice  crystals  Is  ordinarily  located  under  it. 
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A reverse  distribution  wjis  observed  tn  separate  instanoes;  a thin  layer  of  sub-lot* , fresh- 
water no  was  separated  loom  the  lower  surtaoe  ot  the  son  ioo  by  a layer  of  ioe  porridge.  Hvidontly 
the  sub  toe  is  not  ills! rlbuted  over  the  entire  toe  ooser  but  rather  represents  a looal  phenomenon 
and  oolleets  under  the  loo  areas  when*  stuns  water  drains  ott  under  the  loo.  anti  is  held  for  a oom- 
p. natively  short  time  irom  five  to  ten  days. 


Aeeording  to  observations  on  the  , near  one  ot  the  ioe -measuring  roils  whieh  were  set 

t*  toe  thiekness  inereased  b\  JS  out  trout  ;>0  Julv  to  10  August  HKti). 


It  was  olarltied  that  in  the  given  tnstanoe,  a ileelslve  role  svai 
turn  under  the  ioe  on  whieh  the  rods  stood,  a singular  too  shod  foi 
reaehmg  down  deep  (figure  .*.»)  rhoso  hummooks  tot'med  a looked 
tributton  ot  the  tresh  water  draining  down  to  a w ide  sub  ioe  area, 
wldoh  the  melt  water  turned  to  toe  sol's  rapidly. 


tn  the  summer  ot  llKts  no  tormatlon  of  ioe  under  toe  ooourrod,  aooording  to  the  observations 
on  the  and  the  . Thus,  these  observations  atfirmed  the  supposition  that  the  sub-tee 

under  ioe  ot  notieenhto  thioknes..  is  a looal  rendition. 


Section  44.  Bottom  Ice 

Bottom  ice  is  a variation  of  deep  ice,  formed  in  shallows,  and  in  certain  cases  is  more  sig- 
nificant than  deep  ice. 

Bottom  ice  in  the  sea  is  an  extremely  widespread  phenomenon  not  only  in  northern  but  also  in 
southern  seas . * 

Similar  cases  were  also  known  in  the  Baltic  Sea.  Thus,  in  some  years  at  the  beginning  of 
winter,  ships  found  themselves  surrounded  by  ice  which  had  suddenly  risen  from  the  bottom  of  the 
sea,  this  was  proved  by  sand  and  bottom  objects  that  had  floated  up  along  with  the  ice. 

It  is  known,  for  example,  that  bottom  ice  along  the  rocky  shores  of  Greenland,  Labrador,  and 
Spitzbergen  often  raise  chunks  of  rocks  and  bottom  with  themselves  to  the  surface  of  the  sea.  Along 
the  shores  of  Newfoundland,  bottom  ice  has  been  encountered  at  depths  of  20  to  30  meters. 

Hodman  notes  a case  when  a box  of  instruments  was  carried  to  the  surface  of  the  sea  by  bot- 
tom ice.  It  happened  that  this  box  had  belonged  to  a ship  that  had  gone  down  many  years  ago  in 
Hudson  Strait,  several  hundred  miles  north  of  where  It  was  found. 

In  separate  regions  along  shallow  shores,  the  sea  freezes  to  the  bottom  and  the  ice  fuses 
solidly  with  the  bottom.  When  melting  begins,  the  upper  layers  of  this  ice  are  covered  with  water, 
which  preserves  the  ice  from  the  direct  action  of  solar  radiation  and  heat  exchange  with  the  air. 
Aside  from  this,  fragmented  shore  material  is  gradually  deposited  on  the  ice,  which  protects  the 
remnants  of  the  ice  not  only  from  the  heat  but  also  from  the  erosive  action  of  water. 

It  is  clear  that  under  such  conditions  the  ice  frozen  to  the  bottom  is  preserved  for  a very  long 
time.  Thus,  Samoilov  notes  that  in  Khatangskii  Gulf  ice  islets  frozen  to  the  ground  were  disclosed 
during  the  low  tide  on  27  July,  1937,  1.5  km  from  the  shore. 

In  Biruii's  opinion,  who  had  observed  the  same  phenomenon  on  the  southern  shore  of  the 
Taimyr  Strait,  spring  bottom  ice  can  remain  for  many  years  if  the  winters  are  especially  harsh  and 
if  the  sea  is  at  a low  level. 

As  spring  bottom  ice  melts,  parts  of  it  break  loose  and  float  up  to  the  surface  of  the  sea, 
along  with  particles  of  the  bottom  and  underwater  stones  which  have  frozen  to  it,  and  with  products 
of  spring-shore  run-off  which  have  been  deposited  on  its  upper  surface. 

During  exceptionally  warm  years,  chunks  of  old  bottom  ice,  whose  upper  surface  has  not  only 
bottom  deposits  but  also  marine  organisms  which  have  developed  on  it  during  the  time  it  was  under 
water,  can  float  up  to  the  surface  in  the  same  manner. 


* Thus , according  to  announcement  by  Snezhinskli,  the  fishermen  of  the  Dilzhanskii  station  on 
the  Azov  Sea  indicate  bottom  ice  forms  annually  along  the  western  side  of  the  Dolgala  sand  pit. 

They  assert  that  if  a 40-centimeter  rod  is  driven  into  the  bottom,  leaving  one-tenth  of  the  rod 
above  the  surface  of  the  bottom,  coarse  bottom  ice  will  begin  to  form  on  the  rod  in  such  dimensions 
that  finally  the  rod  will  pull  out  of  the  bottom  and  along  with  the  ice  will  rise  to  the  surface  of  the 
sea.  It  is  characteristic  that  on  the  eastern  side  of  the  sand-spit  bottom  ice  does  not  form.  The 
formation  of  bottom  ice  was  also  observed  during  certain  years  on  the  western  side  of  the 
Berdianskiya  sand-spit;  this  happened  only  when  the  sea  was  open. 
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Bottom  Ice  often  forms  at  the  mouths  of  rivers  emptying  Into  seas  having  strong  tidal  phe- 
nomena. Seu  water,  cooled  to  a temperuture  of  1.5*  to  1.8°  below  zero,  on  entering  the  mouth  of 
a river  when  the  tide  comes  in.  cools  the  rocks  and  the  other  objects  at  the  bottom  of  the  river. 
When  the  tide  goes  out  and  fresh  water  flows  over  these  objects,  an  Ice  crust  forms  around  them 
which,  depending  on  local  conditions  is  either  destroyed  each  time  or  is  gradually  increased. 
Nalivaiko  discovered  such  river-mouth  bottom  ice  while  making  winter  measurements  at  the  mouth 
of  the  Onega  River.  As  can  be  seen  from  figure  36,  which  he  was  kind  enough  to  give  to  me,  the 
sandy  bottom  was  covered  with  an  ice  crust  and  the  sand  had  frozen  through  to  10  to  12  cm.  ' 


ICE 

FROZEN 

SAND 


SAND 
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Figure  36.  The  vertical  distribution  of  the 

elements  in  a column  of  soil  taken 
on  the  Onega  Bar  at  a depth  of  3 m 
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Section  45.  The  Classification  of  Ice  According  to  Origin 

The  ice  found  at  sea  is  divided  into  three  classes  according  to  Its  origin,  which  differ  sharply 
from  each  other  according  to  their  physical-chemical  characteristics:  "river,"  "glacial."  and 
"sea  " 


River  ice  is  carried  out  from  the  river  to  the  sea  during  the  spring  ice  break-up,  and  during 
the  summer  It  etther  melts  or,  in  polar  regions,  is  integrated  into  the  ice  of  marine  origin.  River 
ice  is  completely  fresh  and  ordinarily  It  is  brown  in  color,  which  is  conditioned  by  mixtures  of 
humus  materials.  Often,  river  ice  contains  shore  dirt  and  other  inclusions. 

River  ice  is  never  found  in  the  South  Polar  latitudes,  hi  the  Arctic  Ocean,  there  is  quite  a 
bit  of  It  during  the  beginning  of  summer  in  the  areas  where  the  large  Siberian  rivers  drain.  Inas- 
much as  this  ice  is  almost  completely  destroyed  during  the  course  of  a polar  summer,  its  role  in 
the  ice  regime  of  the  seas  is  extremely  insignificant. 

Glacier  ice  gets  into  the  sea  when  the  ends  of  glaciers  break  off.  Formed  from  snow  which 
has  collected  in  mountain  valleys,  glacial  ice  is  fresh  and  almost  completely  devoid  of  foreign 
material.  As  a rule,  it  is  bluish  in  color. 


Glacier  Ice  In  the  form  of  Icebergs  If  found  in  the  Arctic  Ocean  between  120°  west  and  0-100" 
east.  The  Icebergs  are  curried  out  across  Davis  Strait  Into  the  Gulf  Stream  area  by  the  Greenland 
and  Labrador  currents. 


But  glacier  Ice  attains  particular  development  and  distribution  In  the  South  Polar  regions. 
Here,  Icebergs  are  found  around  the  entire  antarctic  mainland,  und  reach  to  the  southeastern 
shores  of  the  Americas. 

Sea  ice  Is  formed  In  the  sea  Itself  out  of  sea  water.  Saltnity  is  its  busic  characteristic.  With 
time,  sea  ice  becomes  fresher,  but  even  alter  it  does  become  fresh  (usable  for  the  preparation  of 
food),  it  preserves  certain  chemical  properties  which  make  it  possible  to  distinguish  it  from  river 
or  glacier  ice. 

The  main  mass  of  sea  ice  has  a greenish  tinge;  when  there  is  a high  content  of  snow  and  air 
hubbies,  II  has  a whitish,  glass-like  appearance.  Marine  ice,  freshened  and  made  more  dense  by 
pressure,  Adopts  it  blue  color  in  the  course  of  time. 

According  to  areas  of  distribution  and,  above  all.  according  to  mobility,  sea  ice  is  divided 
into  two  classes;  "fast  ice"  and  "pack  Ice.  " 

"Vast,  " or  "immobile  ice.  " during  the  winter  borders  the  continental  shores,  islands,  and 
also  ice  standing  in  shallows,  which  in  this  relation  plays  the  role  of  islands. 

During  the  summer,  fast  ice  usually  breaks  up,  separates  Into  different  fields  and  floes, 
breaks  loose  from  the  shore,  and  changes  into  the  pack-ice  classification. 

"Floating”  or  "drifting"  Ice  is  in  constant  motion  both  winter  and  summer  due  to  the  effect  of 
constant  and  periodic  currents  and  the  wind. 

Old  drift  ice  of  great  thickness  and  solidarity,  which  is  impenetrable  by  contemporary  ice 
greakers,  even  during  the  summer,  is  called  "pack  ice,  " and  fills  the  central  part  of  the  Arctic 
Basin. 

Depending  on  the  conditions  under  which  it  was  formed,  ice  is  divided  into  "grown  ice'  iuid 
"heaped  tee".  The  thickness  of  the  first  Increases  exclusively  due  to  low  air  temperatures.  The 
thickness  of  the  second,  in  addition,  is  due  to  the  rafting  of  one  floe  on  another.  Any  ice  formation 
can  occur  at  any  time. 

Two  groups  of  ice  are  differentiated  according  to  age: 

1.  Year-old  ice.  The  following  are  differentiated  in  this  group:  "spring  ice,  " i.o.  , the  ice 
which  is  formed  in  the  spring  before  navigation.  This  is  the  youngest,  thinnest,  and  warmest  ice; 
it  hardly  hinders  navigation.  After  it  follows  "winter  ice"  and  "autumn  ice, " both  of  which  are 
older  In  age  thirn  the  spring  Ice. 

2.  Old  Ice,  which  Includes  Ice  which  had  existed  a winter,  a summer,  and  the  following 
winter. 
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Section  46  Classification  of  Ice  According  to  Size  and  Form 

l'he  ice  found  in  the  sea  is  differentiated,  aside  from  its  origin  and  age,  according  to  its  size 
mid  form. 


During  the  winter,  duo  to  the  movement  of  ice  caused  by  some  reason  or  another,  ;uid  due  to 
temperature  changes,  there  occur:  1)  an  increase  in  the  vertical  size  of  the  ice  (due  to  growth  and 
rafting),  2)  an  increase  in  the  horizontal  size  (due  to  the  fusion  of  separate  ice  formations),  and  It) 
a decrease  in  the  horizontal  size  due  to  fissures  which  arise  with  temperature  changes  (thermal 
fissures),  with  paddle  phenomena  (paddle  fissures),  mid  with  compression  (pressure  fissures). 

During  the  summer,  there  occur:  l)  a decrease  in  the  vertical  size  (as  a result  of  melting 
from  above  and  below  and  a deterioration  of  rafting  formations),  2)  an  increase  in  the  vertical  size 
(due  to  rafting),  and  It)  a decrease  in  the  horizontal  size  (as  a result  of  breaking  and  rafting). 

Ice  formations  in  which  the  horizontal  measurements  exceed  considerably  the  vertical  ones 
are  called  "icefields”  mill  "floes.  " 

Pack  ice,  which  is  the  most  extensive  in  area  (more  than  2 km  in  length)  is  called  a "large 
ice  Held  " It  is  formed  when  large  areas  of  fast  ice  break  loose  from  the  shore,  mill  above  all, 
when  ice  formations  smaller  in  area  are  fused  together  (figure  H7). 


Figure  H7.  Ice  fields. 


Some  large  ice  fields  possess  such  a level  upper  surface  and  such  thickness  that  they  permit 
landings  by  heavy  airplanes  on  them.  Such  fields  arc  called  "airdrome  fields.  " 

Ice  fields  having  mi  extent  of  200  m to  2 km  are  called  "small  ice  fields.  " They  develop 
either  as  a result  of  fusion  of  smaller  formations  or  as  a result  of  a break-up  of  large  ice  fields. 
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Ice  formations  of  20  to  200  m in  length  are  called  "large  floes”  (large  or  larger  fragments  of 
ice).  Ice  formations  20  m in  extent  are  called  "small  floes"  (small  or  small  fragments  of  ice) 
(figure  38). 


Figure  38.  Shattered  ice  (blocks  of  ice  2 to  20  m). 

At  sea,  ice  ordinarily  consists  of  ice  accumulations  of  different  sizes.  Because  of  this,  it 
is  necessary  to  speak  of  large-to-small  fields  when  large  fields  are  predominant  and  of  small-to- 
large  fields  when  small  fields  are  predominant;  large-to-small  floes  (large-to-small  ice)  have  a 
predominance  of  large  floes;  small-to-large  floes  (small-to-large  ice)  have  a predominance  of 
small  floes. 

When  separate  ice  formations  collide,  their  edges  break  and  the  fragments  are  rafted  upon 
each  other,  forming  simultaneously  small-small  floes.  With  further  fragmentation,  "crushed  ice" 
or  "ice  porridge"  is  obtained.  Ice  porridge  is  especially  characteristic  of  the  windward  edge  of 
floes  and  near  the  shore  where  it  forms  as  a result  of  wave  and  tidal  action.  In  such  cases,  ice 
porridge  often  obtains  a thickness  of  several  meters,  reaching  the  bottom  near  shores  and  shal- 
lows, and  forming  a drift,  which  is  very  dense  when  compressed  and  which  becomes  somewhat 
less  dense  during  decompression. 

In  the  White  Sea,  highly  fragmented  ice,  which  has  been  forced  out  upon  the  ice  fields  during 
hummocking,  is  called  crushed  ice.  It  resembles  snow  and  differs  from  it  by  a grayish  tinge. 
Fragmented  ice,  which  has  been  forced  underneath  the  ice  fields  or  which  fills  the  space  between 
them,  is  called  ice  porridge. 

Crushed  ice  and  ice  porridge,  due  to  the  smallness  of  their  particles,  melt  first  of  all,  and 
therefore  they  are  mainly  characteristic  of  winter  and  high  altitudes. 

The  very  size  of  the  ice  fields  depends  on  their  thickness  and  also  on  the  morphological  and 
hydrometeorological  conditions  of  the  water  basin.  Even  if  ice  fields  having  an  area  of  several 
square  kilometers  and  more  are  not  rare  in  the  center  of  the  Arctic  Basin,  yet  in  the  center  of  the 
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White  Sea  Basin  fields  of  such  magnitude  are  created  only  for  a short  time  and  under  special  con- 
ditions--during  heavy  colds  and  weak  winds  No  ice  fields  are  found  in  the  Mezem  Gulf  due  to 
strong  tidal  phenomena 

Ordinarily,  the  closer  to  shore,  the  smaller  the  sizes  of  the  fields,  and  furthermore,  in  the 
summer  time,  especially  after  strong  winds  they  decrease  Strong  winds  also  break  up  large  ice 
fields  during  the  winter.  In  areas  of  the  ocean  where  the  edge  of  the  ice  is  always  sharply  ex- 
pressed, as.  for  example,  in  the  Greenland  and  Barents  Seas,  large  and  small  floes  predominate 
at  the  very  edge  of  the  field,  which  should  be  attributed  to  the  breaking-up  action  of  sea  waves  and 
variations. 

Ice  fields  and  floes,  depending  on  the  conditions  of  their  formation  and  structure,  can  be 
either  accretional  or  rafted,  and  depending  on  their  external  appearance,  level  or  hummocky 

Any  collision  of  one  ice  formation  with  another,  no  matter  what  the  cause,  is  accompanied 
by  more  or  less  considerable  hummocklng  If  the  ice  formations  advancing  on  one  another  come 
in  contact  with  one  or  several  points  widely  separated  from  each  other,  the  ice  at  the  points  of 
contact  breaks  and  turns  over  on  its  side;  as  a result,  there  remain  on  the  comparatively  level 
surface  of  the  ice  floes  sticking  up  edgewise  which  are  called  "hummocks.  "*  If  the  contact  during 
compression  occurs  more  or  less  uniformly,  heaping  occurs  along  the  line  of  contact,  and  this  is 
called  a hummock. 

In  some  cases,  hummocks  attain  extremely  large  dimensions.  During  winter  and  the  follow- 
ing spring,  they  become  more  dense  and  very  durable  formations  During  the  summer,  due  to 
their  durability  and  size,  hummocks,  surrounded  by  areas  of  flat  ice,  melt  last  of  all.  Separate 
ice  formations  along  the  southern  edge  of  the  ice,  in  the  majority  of  cases  during  summer  and 
autumn,  are  remnants  of  hummocks.  They  have  comparatively  small  horizonlal  surface  and  a 
comparatively  large  vertical  size,  and  are  called  "growlers.  " 

Large  separate  heapings  of  this  type,  higher  than  5 m above  the  water  level,  are  called 
"floebergs,"  or  Icebergs  of  marine  origin. 

Formations  of  the  same  sort,  less  then  5 m high  above  the  surface  of  the  water,  are  called 
"ice  heaps.  " 

Especially  in  the  autumn,  growlers,  flying  over  the  open  spaces  of  the  frontiers  of  the  Arctic 
Basin  seas  due  to  the  effect  of  the  wind  and  the  currents,  often  are  grounded  due  to  their  deep  draft, 
(on  the  shallows  which  are  numerous  here)  and  become  stamuths . Gathering  in  the  deeper  areas 
of  the  sea  and  freezing  together  during  the  autumn,  the  growlers  form  very  powerful  and  highly 
characteristic  ice  formations,  which  in  the  old  days  were  called  "kettles." 

Schematically,  the  kettles  represent  a series  of  ridges  of  almost  conical  form,  having  deep 
valleys  and  depressions  between  them 

During  the  winter,  an  extremely  characteristic  type  consists  of  smcro.-i  . Along  the  White 
Sea  this  term  is  understood  to  mean  accumulations  of  crushed  ice  and  ice  porridge  which  have  been 
brought  together  by  the  winds  and  currents  and  have  frozen  together.  Smorozi  can  attain  large 
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Figure  39.  Hummocks. 

thicknesses,  and  with  cold  air  temperatures  are  almost  impassible  (or  even  completely  impassible) 
to  even  the  most  powerful  icebreakers.  Cases  are  known  when  icebreakers  breaking  through 
smorozi,  made  less  progress  on  the  second  blow  than  on  the  first.  On  the  other  hand,  with  the  be- 
ginning of  melting  or  during  strong  warm  spells,  the  smorozi  disintegrates  easily  into  their  com- 
ponent parts  and  are  the  first  to  disappear. 

Ice  frequency,  computed  in  points  on  a ten-point  scale,  is  of  the  highest  practical  importance 
in  navigation  "Ice  of  five  points"  means  that  in  a given  area  of  the  sea,  50  per  cent  of  its  area  is 
covered  by  ice  and  50  per  cent  is  free  The  following  is  a rougher  classification  of  the  ice  accord- 
ing to  its  frequency: 


"Rare  ice"  (1  to  3 points) — navigation  in  such  ice  is  possible  for  all  ships  and  almost  without 
loss  of  speed. 
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"Scattered  tee"  (-1  to  6 points)--in  such  ice,  navigation  is  possible  for  all  vessels,  with  al- 
most no  loss  in  speed  for  icebreakers  and  ice-breaking  steamships,  but  with  a 20  to  20  per  cent 
loss  of  speed  for  ordinary  steamers. 

"Heavy"  or  "frequent  ice”  (7  to  8 points)--during  navigation  through  such  ice,  icebreakers  and 
ice-breaking  steamships  lose  20  to  30  per  cent  of  their  speed  and  ordinary  steamships  cannot  navi- 
gate without  the  assistance  of  icebreakers. 

"Compact  ice”  (9  to  10  points)--the  possibility  of  navigation  in  such  ice  is  determined  by  the 
thickness  of  the  ice  and  the  power  of  the  icebreakers. 

In  the  navigational  characteristics  of  ice  which  have  been  given,  it  is  assumed  that  ice  fields 
and  floes  filling  a given  area  are  distributed  in  it  equally,  are  sufficiently  strong,  and  are  split  by 
a ship  only  with  difficulty  so  that  navigation  is  possibte  mainly  along  the  channels.  It  is  necessary 
to  note,  however,  that  the  possibility  of  navigation  is  determined  not  only  by  the  thickness  and 
point-frequency  of  the  ice,  but  also  by  the  degree  of  their  compression.  Thus,  for  example,  seven- 
point  ice.  whose  ice  fields  and  floes  are  wedged  against  each  other  at  their  corners,  can  prove  to 
be  impassible  even  for  powerful  vessels.  Compact  ice  can  also  be  compressed  or  weakened.  The 
following  examples  affirm  what  has  been  said. 

In  the  middle  of  February,  1938,  the  icebreaker  "r~  a traveled  from  Kronstadt  to  the  Baltic 
Sea  without  any  special  difficulties.  From  the  beginning  of  March,  when  returning  to  Kronstadt, 
the .-  r-  had  such  difficulty  in  forcing  the  ice  f>0  to  70  m thick  that  it  was  feared  there  would  not 
be  enough  coal,  and  we  were  forced  to  return  to  Tallin  for  refueling.  In  March,  the  ice  was  neither 
more  durable  nor  thicker  than  in  February. 

LITERATURE:  23,  62,  77 


Section  47.  Fast  Ice 

As  has  already  been  said,  fast  ice,  during  the  winter,  borders  shores,  islands,  and  also  ice 
standing  in  shallows. 

The  initial  form  of  fast  ice  is  "new  shore  ice,  " which  forms  first  of  all  along  the  shores  of 
bays,  fjords,  and  straits  well  protected  from  winds  and  waves.  Gradually,  new  shore  ice,  when 
increasing  in  thickness,  extends  further  and  further  from  the  shore,  (including  in  it  the  ice  which 
had  formed  in  the  sea  itself),  and  in  narrow  places,  it  reaches  fast  ice  stretching  from  other 
shores. 

At  first,  while  the  fast  ice  is  thin,  it  is  frequently  broken  by  currents,  tidal  phenomena,  and 
particularly  by  heaping  and  scattering  winds.  Scattering  winds  break  considerable  areas  of  ice 
from  the  edge  of  the  fast  ice.  When  the  scattering  winds  change  to  heaping  winds,  the  parts  which 
are  broken  off  from  the  fast  ice  and  also  the  floating  ice  return.  At  this,  the  sea-side  edge  of  the 
ice  undergoes  hummocking,  and  the  parts  broken  off  from  the  fast  ice,  along  with  the  floe  ice 
blown  against  the  fast  ice.  freeze  to  the  fast  ice,  thus  increasing  its  area. 
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Gradually,  as  the  thickness  of  the  fast  ice  increases,  the  breakage  phenomena  occurs  more 
rarely.  Fast  ice  reaches  its  maximum  development  at  the  end  of  March  and  the  beginning  of  April 
Even  though  at  this  time  its  thickness  continues  to  increase,  solar  radiation  weakens  the  ice  simul- 
taneously and  because  of  this  the  resistance  of  the  fast  ice  to  all  sorts  of  breaking  effects  decreases. 

Fast  ice  can  be  formed  out  of  ice  of  common  accretion  and  out  of  rafting  ice.  The  first  is 
characteristic  of  small  bays  and  gulfs  protected  from  the  wind  and  currents,  the  second  at  open 
shore  lines 

From  the  data  which  has  been  given,  it  is  clear,  as  had  already  been  established  as  a result 
of  the  work  of  the  Toll  expedition,  that  the  following  are  the  most  conducive  conditions  for  the 
development  of  fast  ice; 

1 An  extensive  shore  line,  especially  if  archipelagos  of  islands  are  located  near  the  shores. 

2.  The  absence  of  strong,  constant  currents  and  tidal  phenomena  which  would  assist  in 
breaking  up  the  fast  ice 

3.  Shallows,  where  the  cooling  of  water  always  occurs  considerably  faster  than  above  great 
depths  and  where  ice  formation,  all  other  conditions  being  equal,  begins  earlier  The  importance 
of  shallows  also  manifested  in  the  fact  that  ice  heaping  of  various  sorts,  having  considerable  verti- 
cal measurements,  ordinarily  becomes  grounded  on  shallower  places  like  banks,  rocks  and  shal- 
lows Later,  these  heapings,  under  the  pressure  of  the  ice  from  the  sea,  increase  in  size,  become 
more  durable,  and  play  the  role  of  off-shore  islands  in  the  development  of  fast  ice. 

All  the  enumerated  conditions  are  centered  in  the  region  of  the  New  Siberian  Islands,  where, 
opposite  the  mouth  of  the  Yana,  the  fast  ice  extends  along  the  meridian  for  270  miles,  and  along 
the  74th  parallel  for  350  miles  (figure  40).  Lappo  correctly  differentiates  this  region  in  relation 
to  ice  as  a special  fast-ice  region,  noting  that  the  ice  in  it  forms  and  melts  under  completely 
different  conditions  from  neighboring  regions.  According  to  aerial  reconnaissance  data,  the  fast- 
ice  area  here  is  equal  to  approximately  380,  000  cubic  km  in  March  and  April  of  1943.  Neverthe- 
less, shallow  water  is  the  determining  condition  for  fast-ice  distribution  along  the  Siberian  shore 
(w  ith  the  exception  of  the  Khatangskisaliva  where  the  tidal  phenomena  are  considerable  and  fast 
ice,  because  of  this,  does  not  extend  far  from  the  shore,  and  along  the  Chuckchee  shore  where  the 
fast  ice  is  broken  by  the  Chuckchee  current). 

Separate  ice  heapings  in  the  seas,  washing  the  Siberian  coastline,  often  have  a displacement 
(draft)  up  to  25  m.  Because  of  this,  it  is  considered  that,  on  an  average,  the  25  m isobath  is  a 
limit  of  fast  ice  distribution  along  the  indicated  shore.  It  is  clear  that  at  high  altitudes  fast  ice 
forms  even  occur  over  greater  depths  in  narrow  straits. 

Figure  104  shows  the  distribution  of  fast  ice  in  the  White  Sea  during  17-18  April,  1942,  i.e. , 
approximately  during  the  height  of  its  development.  If  follows  from  the  drawing  that  in  the  White 
Sea,  where  stamukh  does  not  play  an  important  role,  the  fast  ice  line  extends  from  the  shore  to 
approximately  the  ten-meter  isobath.  Fast  ice  attains  its  greater  development  at  the  summits  of 
the  Kandalakshski  and  Onezhskii  Gulfs,  in  accordance  with  the  general  rule;  along  involuted 
shores,  fast  iee  is  better  developed  than  along  convoluted. 

It  can  be  approximately  considered  that  along  the  White  Sea,  fast  ice.  by  the  time  it  is  fully 
developed,  occupies  less  than  ten  per  cent  of  the  sea's  surface. 
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Figure  40  Fast  ice  region  of  the  New  Siberian  Islands  . 
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A straightening  of  the  fast  ice  edge  is  characteristic  in  areas  having  strong  tidal  currents. 
The  off-shore  band  of  floating  ice,  when  moving  along  the  edge  of  the  fast  ice  and  when  pressing 
against  it,  creates  ridges  above  it.  In  the  White  Sea  such  ridges  of  crushed  ice  are  especially 
characteristic  along  the  Terskii  shore  from  Ponoi  to  Cape  Nikodinskii  and  at  Rombakev  in  the 
Onezhskii  Gulf. 

Fast  ice  extension  along  the  comparatively  deep  eastern  shores  of  Novaya  Zemlya  is  also 
characteristic  As  has  been  established  by  numerous  aerial  reconnaissances  here,  the  fast  ice 
line  at  the  moment  of  its  greatest  development,  extends  from  cape  to  cape,  filling  in  the  bays  and 
the  fjords  of  the  shoreline. 

As  we  have  seen,  due  to  the  very  conditions  of  its  formation  and  existence,  level  fast  ice 
forms  in  closed  bays  and  narrow  straits  and  is  hummocky  along  open  shorelines 

At  first,  the  increase  in  the  thickness  of  the  ice  proceeds  rapidly,  but  later,  in  spite  of  con- 
tinued low  air  temperatures,  ice  accretion  slows  down.  As  a result,  the  ice  which  had  formed 
with  the  beginning  of  frost  and  which  had  not  undergone  hummocking,  by  the  beginning  of  January 
already  attains  a thickness  greater  than  100  cm  in  the  seas  of  the  Soviet  Arctic.  This  thickness, 
in  conjunction  with  the  low  temperature  of  the  ice,  is  already  sufficient  to  withstand  the  usual 
forces  which  break  up  fast  ice.  The  formation  of  fast  ice  and  the  establishment  of  the  position  of 
its  sea  edge  can  be  considered  as  finished  by  the  above-indicated  time.  During  the  course  of  the 
winter,  strong  heaping  occurs  along  this  edge,  due  to  the  pressure  of  the  floating  ice  upon  the  fast 
ice,  and  when  the  floating  ice  leaves  the  edge  (caused  by  corresponding  winds),  wide  fast  ice  poly- 
nyas  are  formed.  The  latter  phenomenon  is  so  characteristic,  and  has  impressed  all  observers  so 
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much,  that  It  caused  the  concept  of  the  so-called  great  Siberian  polynya,  which  has  been  observed 
during  sled  trips  from  the  region  north  of  the  New  Siberian  Islands  to  the  region  north  of  the  shores 
of  the  Kolyma  region.  We  will  return  to  the  question  of  this  polynya  in  the  future. 

The  fast  Ice  of  the  arctic  seas  of  the  Soviet  Union  can  basically  be  considered  of  year-old 
duration.  Only  in  exceptional  years  are  the  separate  bays  and  straits  not  open  here.  In  some  of 
the  American  regions  of  the  Arctic  Basin,  old  fast  Ice  is  found.  Such  fast  ice  is  particularly  char- 
acteristic of  the  northern  fjords  of  Greenland,  where  it  forms  between  glaciers  falling  into  the 
fjords  and  the  exits  from  the  fjords,  and  which  thus  block  the  exit  from  the  fjord  by  icebergs 
broken  loose  from  the  glacier.  Koch  called  such  old  fast  ice  sVf'iSsak,  which  means  old  ice  in 
Eskimo. 

Old  fast  ice,  which  ordinarily  contains  several  hundred  ice-bergs,  borne  by  this  glacier,  is 
formed  opposite  a small  glacier  in  the  Northern  Hemisphere,  called  the  Humboldt  Glacier  (on  the 
northwestern  shore  of  Greenland,  which  extends  for  100  km  along  the  shoreline.) 

Every  20  to  25  years,  this  old  fast  ice  breaks  up,  and  only  then  are  the  masses  of  icebergs, 
imprisoned  until  then,  able  to  move  toward  Davis  Stratt. 

LITERATURE:  62,  77,  88,  133,  171. 


Section  48.  Floating  Ice 

Floating  ice  consists  of  an  accumulation  of  separate  floes  and  fields  which  had  formed  either 
in  the  sea  itself  or  as  a result  of  fast  ice,  old  ice,  or  glacier  ice.  Therefore,  ice  of  the  most 
variated  source  and  age  can  be  found  in  the  midst  of  floating  ice.  In  the  seas  of  the  Soviet  Arctic, 
year-old  ice  is  predominant,  but  in  higher  latitudes,  old  ice  is  predominant. 

Pack  ice,  due  to  the  effect  of  currents,  tidal  phenomena,  and  also  wind,  is  in  a state  of  con- 
stant motion  in  both  winter  and  summer.  Due  to  this  constant  motion  in  different  directions  (mainly 
caused  by  the  action  of  the  wind),  the  separate  floes  comprising  the  pack  constantly  change  their 
form  and  contours. 

As  we  shall  see  further,  the  velocity  of  the  movement  of  the  separate  floes  is  different,  de- 
pending on  the  current  or  the  wind.  As  a result,  the  floes  which  drift  faster  overtake  the  slower 
ones  and  later  drift  together  at  a certain  average  velocity.  The  belts  are  accumulations  which  form 
in  their  turn,  overtake  the  accumulations,  which  drift  more  slowly.  In  this  manner,  ice  fields  are 
formed  which  are  characteristic  of  pack  ice. 

When  such  an  ice  field  presses  against  the  shore  or  against  immovable  ice,  hummocking 
occurs,  both  along  the  line  of  contact  and  within  the  ice  field  itself.  First  of  all,  the  young  and 
therefore  the  weakest  parts  of  the  ice  field  undergo  destruction.  Simultaneously,  there  is  a de- 
crease in  the  area  of  the  field  due  to  the  hummocking. 

When  the  wind  changes  direction,  the  ice  field  breaks  loose  from  the  shore  or  fast  ice  and 
begins  to  move  in  the  corresponding  direction  until  there  is  a new  change  in  the  wind  or  until  it 
again  presses  against  the  shore  fast  ice. 
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U Is  clour  th:it  such  phenomena  assume  special  significance  when  there  is  comparatively 
little  ice,  which  occurs  at  the  beginning  of  winter.  It  is  at  this  time  that  the  greatest  hummocklng 
ami  the  greatest  breaking  up  of  Ice  formations,  comprising  a given  field,  occur. 

During  the  winter,  the  hummocked  floes  freeze  together  and  form  large  fields.  During  the 
summer,  the  Ice  fie  Ills  form  the  so-called  broken  ice  during  hummocklng. 

it  is  natural  that,  due  to  these  processes,  the  surface  of  the  floating  ice  is  extremely  uneven. 
Only  in  unusual  circumstances  does  level  ice  form  by  natural  means.  This  occurs  when  old,  hum- 
mocky fields  Impinge  against  each  other  in  such  a way  that  "bays,"  protected  on  all  sides,  are 
created  between  them.* 

The  southern  limit  of  pack-ice  distribution  is  the  shore  during  the  summer  and  the  sea  edge 
of  fast  Ice  during  the  winter. 

The  position  of  the  northern  limits  of  pack  ice  in  the  Arctic  Basin  is  extremely  indeterminate 
and,  m any  case,  extremely  conditional.  It  can  be  considered  as  corresponding  to  the  northern 
limits  id  tree  navigation  by  steamships  during  the  summer.  It  can  also  be  considered  that  the 
northern  limit  ot  pack  ice  follows  approximately  the  1,000  m isobath. 

Plotting  such  a limit  Is  possible  first  because  It  approximately  corresponds  to  the  northern 
limit  of  free  navigation  by  vessels  in  the  Arctic  Basin,  and  second,  because  in  crossing  from  great 
depths  to  the  offshore  shallows,  the  Atlantic  waters,  which  fill  the  Arctic  Basin  in  the  form  of 
warm,  intermediate  layer,  rise  to  the  surface  here  and  have  a weakening  effect  on  the  ice. 

However,  a comparison  of  the  observations  made  of  the  "North  Pole"  stations  and  on  the 

. and  also  observations  from  airplanes  during  flights  made  in  organizing  the  "North  Pole" 
station,  has  shown  that  there  is  no  special  difference  between  the  Ice  which,  let  us  say,  fills  in  all 
and  part  of  the  l.aptev  Sea  and  the  ice  in  which  the  ship  drifted,  but  on  the  other  hand,  the 

Ice  on  which  the  "North  Pole"  station  was  set  up  differed  extremely  from  this  ice. 

The  observations  made  by  Alekseev  are  given  below,  and  also  those  by  Zhukov  during  the 
flight  in  May-June,  1037,  from  Itudolf  Land  (81°  If.'  north,  50°  east)  to  the  North  Pole  and  luck. 

Strongly  hummocked  (hummocks  up  to  3 m)  young  ice,  with  rnzvodyas  and  fissures,  were 
seen  trom  Hudolt  Land  to  811°  HO'  north.  Fragments  of  icebergs  were  found.  Level  areas  measur- 
ing 100  of  1100  square  m were  rarely  found.  From  82°  ill)'  to  85°  50',  the  size  of  the  fields  in- 
creased to  20  km  across.  Level  areas  measuring  250  or  350  square  m were  found  quite  often.  On 
0 June  1037,  when  the  airplane  landed  at  8 1°  north,  the  thickness  of  the  ice  proved  to  be  100  to  200 
cm.  The  ice  was  level  with  a great  amount  of  ropaki,  covered  on  top  by  a layer  of  snow  up  to  -10  cm 
thick.  The  snow  was  slightly  salty  on  top. 

North  ol  85°  30',  old  Ice  began,  wherein  the  ice  fields  were  small,  highly  hummocked,  the 
' were  jammed  with  small  ice,  brash  ice,  and  young  ice,  A landing  by  an  airplane  on  such 
airfields  was  impossible  without  crashing. 


•Fxeeptions  to  this  rule  are  the  regions  of  strong  tidal  phenomena.  Thus,  in  the  White  Sea 
estuary,  even  alter  lengthy  and  strong  frosts,  the  main  mass  of  the  ice  is  composed  of  large  ;uui 
small,  extremely  hummocked  floes.  This  is  particularly  noticeable  in  the  region  of  Menzenskii 
Gull. 


The  landing  areas  attain  their  greatest  size  between  87°  and  88°  30'  north.  Closer  to  the 
pole,  they  became  smaller  and  worse.  The  field  on  which  Alekseev's  plane  landed  near  the  pole 
(89°  5T  north  and  47°  east)  was  massive  and  old.  Two  long  areas  500  by  300  square  m were 
located  on  it,  which  were  divided  by  a row  of  hummocks.  Instead  of  , there  were  rounded, 

snow-covered  hummocks  here.  The  ice  was  completely  fresh,  and  the  snow  cover  resembled  firn. 

The  field  on  which  Schmidt's  expedition  organized  the  "North  Pole”  station  on  21  May  1937, 
was  typical  pack  field,  having  an  area  of  4 square  km.  It  was  about  3 m thick,  and  its  surface  was 
so  level  that  four  airplanes  were  parked  on  it  simultaneously  (figure  41). 


Figure  41.  Ice  in  the  region  of  the  North  Pole. 

It  can  be  seen  from  this  description  that  seemingly  a singular  belt  of  hummocking  divides 
(at  least  on  the  Rudolf  Island  meridian)  the  comparatively  weak  ice  approximately  along  S6“  north 
in  which  the  Se  i drifted  from  the  more  powerful  pack  ice  with  which  the  "North  Pole"  station 
drifted.  This  belt  resembles  the  hummocking  belt  observed  along  the  sea  edge  of  fast  ice  and, 
evidently,  is  caused  by  the  same  situations.  * 


*It  should  be  mentioned  that  the  Kanfi  expedition  (1900)  on  the  w ay  Irom  Franz  Joseph  Land  to 
the  North  Pole  found  highly  hummocked  ice  at  86°  34'  north.  In  1895,  Nansen  was  stopped  on  his 
way  to  the  North  Pole  by  heavy  ice  at  86°  14'  north  and  86'  east.  In  1939,  the  6*.  - iv  was  unable  to 
pass  through  the  same  area  further  north  than  86°  39.  5’  north.  Thus,  the  belt  of  hummocking 
which  borders  pack  ice  is  evidently  a constant  phonomonon. 


IXirlnK  the  decompressing  northern  winds,  the  more  movable  floating  lot'  breaks  from  the 
pack  ice  and  moves  to  the  south,  forming  considerable  channels  and  polynyas  at  the  line  of 
cleavage,  (hiring  a return  movement,  they  press  against  the  pack  ice  and  undergo  hummocldng. 

LITERATURE:  B2.  77,  88. 


Section  49.  Pack  Ice 

"Pack  ice”  is  the  most  finished  form  of  old  ice. 

They  are  large  ice  fields  solidly  compressed  against  each  other  so  that  the  over-all  area 
of  water  between  them,  even  during  the  summer,  does  not  exceed  2 per  cent.  The  thickness  of 
pack  fields  is  not  less  than  :t  m.  Their  upper  surface  is  level  and  smoothed.  There  are  no  hum- 
mocks with  the  sharp  configurations  of  floes.  Instead  of  them,  there  are  high  (sometimes  up  to 
10  m)  but  rounded  hillocks  resembling  "sheep's  forebrows"  in  form.  Only  along  the  edges  of  pack 
fields  can  hummocks  of  young  ice  be  observed,  which  form  in  fissures  between  the  fields  during 
the  winter  as  a result  of  the  migrations  of  ice  fields  which  still  occur. 

Several  processes  are  necessary  for  the  formation  of  pack  ice: 

1.  An  Initial  formation  and  thickening  of  Ice  by  the  natural  method  of  freezing  from  the 
bottom. 

2.  An  Increase  in  the  thickness  of  the  ice  due  to  rafting  of  separate  floes  and  fields  and 
their  fragments  upon  each  other. 

3.  The  fusion  of  small  floes  and  packs  into  large  fields,  which  is  particularly  character- 
istic of  compression  during  the  winter. 

4.  Leveling  of  the  upper  and  lower  surfaces  of  the  Ice.  This  leveling  occurs  due  to  the 
following: 

(a)  During  the  same  negative  temperature  accretion  to  thin  ice  is  greater  than  to 
thick  ice.  Aside  from  this,  during  the  period  of  growth,  the  lower  part  of  the  ice 
fields  is  brushlike,  consisting  of  initial  ice  spicules  which  are  connected  very 
loosely  to  the  lower  surface  of  the  ice.  With  the  slightest  movement  of  the  Ice 

in  relation  to  the  water,  these  spicules  break  loose  from  the  lower  surface  of  the 
deeper  parts  of  the  ice  and  float  up  under  the  less  deep  Ice.  Thus,  other  condi- 
tions being  equal,  the  thin  ice  attempts  to  equalize  its  thickness  to  that  of  the 
thicker  ice. 

(b)  Direct  solar  radiation,  which  falls  at  :ui  angle  in  the  arctic,  acts  moat  strongly  on 
the  hummocks  elevated  above  the  ice  and  destroys  them  first  of  all.  The  surface 
of  the  hummocks,  which  undergoes  scattered  solar  radiation,  is  great  by  com- 
parison with  its  volume.  In  this  way,  both  direct  and  scattered  radiation  destroy 
the  elevated  parts  of  the  hummocks. 

(C)  Melted  ice  water,  which  forms  as  a result  of  melting  during  the  summer  of  the 
hummocks  and  the  snow  accumulations  near  the  latter,  drains  into  the  depres- 
sions of  the  Ice  fields,  and  freezing  here  during  the  winter,  Increases  the  thick- 
ness of  the  thinner  parts  of  the  ice  fields. 


(e)  The  "wind  drying"  of  the  ice,  caused  by  evaporation  and  convection,  which  occurs 
both  during  the  summer  and  winter,  has  the  greatest  effect  on  the  parts  of  the 
hummocks  which  are  elevated  above  the  level  Ice. 

(0  The  separate  deeper  parts  of  the  Ice  fields,  which  are  sufficiently  durable  at  the 
beginning  due  to  their  low  temperature,  within  time  absorb  the  temperature  of  the 
water  surrounding  them,  and  because  of  this,  become  considerably  weaker,  and 
sometimes,  if  their  salinity  is  low,  they  simply  melt.  In  this  way,  all  underwater 
projections  of  the  ice  fields  are  also  gradually  "wind  blown. " This  phenomenon 
assumes  particular  Importance  during  all  the  migrations  of  the  ice  fields.  The  pro- 
truding underwater  parts  of  the  ice  fields,  weakened  by  a rise  in  temperature, 
disintegrate  during  this  time  and  their  pieces  float  up  to  the  thinner  parts  of  the  ice. 

5.  Freshening,  as  a result  of  a gradual  drainage  of  the  more  dense  (than  sea  water)  brine 
in  the  saline  cells,  is  especially  intensive  during  the  rise  in  the  temperature  of  the  ice,  and  also 
as  a result  of  the  expulsion  of  brine  during  compression. 

6.  A decrease  in  the  porosity  of  the  ice,  as  a result  of  the  same  compressions. 

7.  Isostatic  phenomena  (see  Section  103),  which  consist  of  the  fact  that  when  the  above  water 
or  underwater  projections  of  the  ice  fields  are  destroyed,  the  corresponding  parts  of  the  fields 
either  rise  or  fall.  As  we  shall  see,  this  phenomenon  occurs  most  intensively  during  the  summer. 

As  is  known,  both  the  :'r  i~i  and  the  Sedov  observed  three-year-old  ice,  but  Just  the  same, 
that  was  not  real  pack  ice,  as  was,  for  example,  the  field  of  the  "North  Pole"  station. 

Thus,  pack  ice  in  its  main  mass  is  old  ice,  consisting  of  floes  which  are  powerful,  very  com- 
pact, also  monolithic,  almost  fresh,  and  almost  free  of  air  bubbles,  and  represents  in  itself  large 
fields  of  comparatively  level  ice  which  form  areas  sufficient  in  size  for  airplane  landings.  Along 
the  edges,  these  fields  are  bordered  by  young  hummocks  and  criss  crossed  sloping  ice  mounds 
(smoothed  ridges  of  hummocking)  *. 

In  separate  areas,  however,  pack  ice  is  a chaos  of  upraised  and  heaped-upon-each -other 
chunks  of  ice,  in  the  distribution  of  which  there  is  no  regulation  (hummocking  area. ) 

The  assumption  has  been  made  that  not  all  of  the  pack  ice  (in  the  final  summation)  drifts  to 
the  Greenland  Sea,  i.e. , the  ice  field  of  the  "North  Pole"  station  drifted,  but  a part  of  it  drifts 
further  to  the  west  and  enters  into  the  region  of  constant  pressure  in  the  area  north  of  the 
American  mainland. 

Actually,  it  is  just  in  this  region  that  the  greater  variety  of  pack  ice  is  found — the  "paleo- 
crystic  ice"  (figure  42).  Nares  introduced  this  term  to  designate  compact  sea-ice  formations  re- 
sembling in  their  size  and  power  fragments  of  glacier  Ice,  bui  which  had  come  about  as  a result 
of  hummocking  and  rafting  of  ice  of  sea  origin.  Participants  in  the  : re.:  expedition  evaluated 


♦As  Libin  Informed  me,  in  the  area  where  the  airplane  N-169  landed  (beyond  the  80th  paral- 
lel on  the  Wrangel  Island  meridian)  pack  ice  occupied  80  per  cent  of  the  area  visible  from  the 
airplane.  The  intervals  between  them  were  occupied  by  ice  fields  of  one  to  1.5  years  of  ;ige  and 
150  to  200  cm  thick.  Airplane  landings  (2-28  April  1941)  were  made  on  such  fields. 
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Figure  42.  Paloocrystic  ice. 

the  average  power  of  the  paloocrystic  fields  at  30-and-more  meters,  noting  at  this  time  that  even  in 
the  frontier  seas  of  the  Siberian  shoreline,  where  the  ice  is  weaker,  separate  grounded  hummocks 
attained  greater  dimensions. 
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Section  50.  Glacier  Ice 

In  the  North  Arctic  Ocean,  along  the  shores  of  antarctica,  and  also  in  some  areas  of  the  mid- 
dle latitudes  of  the  world  ocean,  aside  from  the  Ice  formed  of  sea  water,  glacier  ice  is  found,  which 
differs  from  sea  ice  both  in  its  forms  and  in  its  properties.  In  high  mountain  passes  and  in  the  low 
latitudes,  and  especially  in  the  polar  regions,  where  during  the  course  of  the  summer  a smaller 
amount  of  snow  melts  than  has  been  precipitated  during  the  winter,  a constant  accumulation  of  snow 
occurs  in  depressions.  In  addition,  the  snow  which  had  fallen  on  neighboring,  more  elevated  points 
of  the  locale,  is  carried  Into  the  same  depressions  by  the  wind  and  by  the  weight  of  the  snow  itself. 

It  is  clear  that  an  accumulation  of  a groat  amount  of  snow  is  aided  by  high  latitudes,  the  great  ele- 
vations above  the  level  of  tho  sea.  and  marine  climate  which  is  characterized  by  the  frequency  and 
intensity  ol  winds  off  the  sea,  which  carry  with  them  moisture  and  abundant  precipitation. 

Gradually,  with  the  increase  In  the  amount  of  snow  cover,  the  lower  layers  of  the  snow  under- 
go important  changes.  First  of  all,  duo  to  tho  pressure  of  the  upper  layers,  they  become  more 
solid.  Secondly,  duo  to  the  effect  of  the  same  pressure,  which  lowers  the  temperature  of  freezing, 
they  are  gradually  transformed. 

The  first  phase  in  the  transformation  of  snow  is  "firn  ice,"  which  consists  of  a conglomera- 
tion of  separate  ice  grains,  white  in  color,  and  the  size  of  peas.  The  next  stage  is  a "bubble  Ice,” 
which  forms  from  the  seeds  of  the  firn  frozen  together  and  which  Includes  within  Itself  great 
amounts  of  air  bubbles. 

In  time,  the  air  bubbles  are  pressed  out  through  cracks  by  pressure  of  tho  upper  layers,  and 
the  last  stage  is  obtalned--"blue  glacier  Ice." 
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Glacier  Ice  consists  of  Irregular,  rounded  grains  of  various  sizes,  each  of  which  represents 
a crystal  with  a special  optic  orientation.  These  grains  are  sometimes  the  size  of  n pigeon's  egg. 
and  the  deeper  they  lie,  the  largor  they  are.  Crystals  weighing  up  to  700  g havo  been  found  In  the 
Alps.  It  is  considered  that  the  growth  of  those  grains  is  due  to  melted  water  circulating  in  the 
spaces  between  the  crystals  or  due  to  the  absorption  by  tho  larger  grains  of  the  adjacent  smaller 
groins,  which  hail  the  same  optic  orientation.  It  is  characteristic  that  every  accumulation  of  Ice  In 
time  assumes  a rough,  granular  structure,  and  glacier  Ice,  especially  at  the  ends  of  the  glaciers. 

Is  always  very  old. 

Aside  from  its  granular  structure,  glacier  Ice  is  also  characterized  by  its  laminar  structure 
and  streaking,  along  the  edges  of  the  hanging  walls  of  the  glaciers  and  icebergs  it  can  l>e  soon  that 
the  mass  of  the  ice  consists  of  more  or  loss  dense,  alternating  white  and  blue  streaks. 

This  phenomenon  is  explained  differently.  Some  consider  that  these  streaks  are  connected  to 
the  periodic  precipitation.  This  is  proven  by  the  fact  that  in  southern  glaciers  tho  separate  layers 
are  divided  one  from  the  other  by  summer  deposits  of  dust.  Others  say  that  the  striations  of 
glacier  ice  are  formed  as  a result  of  slipping  of  tho  different  layers  of  the  Ice  over  each  othor. 

Blue  ice  is  formed  along  the  point  of  contact  of  these  layers  due  to  melting  and  pressure,  whereas 
the  slipping  parts,  consisting  of  fim  ice,  remain  white.  A third  group  admits  that  both  factors 
participate  in  tho  formation  of  striated  glacier  ice.  The  noted  peculiarities  make  it  possible  to  con- 
sider glacier  ice  as  "pressure  ice,"  as  distinct  from  ice  formed  from  sea  water  and  being  "ther- 
mic” fee. 

Naturnlly,  glacier  ice  differs  sharply  in  Its  composition  from  sea  ice.  Experimenters  have 
shown  that  water  obtainod  through  melting  of  glacier  ice  hardly  differs  from  distilled  water. 

After  a given  depression  is  completely  filled  with  ice  and  snow,  glacier  ice  begins  to  stream 
out  of  the  aroa  of  its  accumulation  down  one  or  several  beds,  depending  on  tho  contour  of  the  locale, 
analogous  to  the  fact  that  one  or  more  rivers  can  flow  from  one  and  the  same  lake. 

This  property  of  ice.  to  flow  along  valloys  as  a result  of  Its  plasticity,  represents  in  itself  the 
most  noteworthy  property  of  glaciers.  Tho  velocity  of  glacier  motion,  according  to  Vail's  data,  is 
10,000  times  slower  than  the  velocity  of  the  flow  of  water,  having  the  same  angle  of  drop.  During 
its  descent,  tho  glacier,  like  a river,  goes  around  separate  elevated  areas,  sometimes  dividing 
into  arms  and  often  again  uniting.*  With  each  turn  and  narrowing  of  the  bed,  additional  compres- 
sions and  tensions  arise  In  the  mass  of  tho  glacier,  causing  the  phenomenon  of  "coalescence,”  con- 
sisting of  the  fact  that  with  each  compression,  the  ice  melts  somewhat  and  during  tho  next  decrease 
in  pressure  it  again  freezes  together. 

In  tho  low  and  middlo  latitudes,  the  "basins"  of  snow  and  ice  nourishing  the  glaciers  ordinar- 
ily occupy  high  valleys  located  between  mountain  ridges  and  separnte  elevations.  The  glaciers 


*As  is  well  known,  rivers  flowing  through  soft  formations  lay  out  a bod  having,  in  cross  sec- 
tion, a triangular  form  with  Its  peak  down.  The  bed  laid  out  by  glaciers,  for  the  most  part,  has  a 
flat  bottom  and  very  steep  side  inclines.  Aside  from  the  cross  section,  the  IhhIk  of  glaciers  are 
also  characterized  by  their  longitudinal  profiles.  Thus.  In  valleys  which  had  been  covered  by  gla- 
ciers, the  bottom  of  the  valley  is  often  deep  due  to  the  eroding  action  of  the  glaciers,  hi  the 
Spitsbergen,  Novaya  Zemlya  fjords,  we  ordinarily  find  the  greatest  depths  at  the  very  wall  of  the 
glacior,  and  the  fjords  themselves  are  separated  from  the  sea  by  a shelf  which  had  formed  from 
moraine  materials. 
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flowing  from  these  basins  gradually  How  into  the  lower  altitudes,  undergo  constantly  greater  de- 
8truction  and  melting,  and  finally  give  rise  to  mountain  rivers. 

In  ratio  to  the  increase  in  the  geographic  latitude,  the  snow  line  comes  down  lower  and  lower; 
the  extremity  of  the  glaciers  reach  the  level  of  the  sea  where  they  are  of  special  interest  to  marine 
studies.  Actually,  the  glaciers  determine  here  the  shoreline,  change  the  contours  of  the  adjacent 
sea  bottom,  and  are  a constant  source  of  large  masses  of  glacial  ice  in  the  sea. 

As  has  already  been  pointed  out,  several  conditions  are  favorable  to  the  formation  of  glaciers, 
namely:  high  latitudes,  high  altitudes  above  sea  level,  and  copious  precipitation  which  is  deter- 
mined by  the  distribution  of  the  land  and  the  sea,  marine  currents  and  winds,  and  also  the  contours 
of  the  locale. 

In  some  areas  of  the  arctic  and  antarctic,  all  these  factors  are  Included.  As  a result,  tre- 
mendous "icecaps"  are  created,  which  almost  completely  cover  separate  islands  and  continents 
The  main  difference  between  the  arctic  and  the  antarctic  is  the  fact  that  in  the  center  of  the  latter, 
a tremendous  and  high  continent  (average  height  about  l,  500  m)  is  located;  in  the  middle  of  the 
arctic  there  is  located  the  deep  Basin  (more  than  4,000  m deep).  This  determines  the  fact  that  the 
main  mass  of  the  ice  cover  in  the  arctic  is  sea  ice  and  in  the  antarctic  is  glacial  ice. 

The  main  glaciation  in  the  arctic  is  in  Greenland,  where  90  per  cent  of  glacier  ice  in  the 
Northern  Hemisphere  is  concentrated;  it  occupies  an  area  of  1.9  million  square  km,  with  an  overall 
area  of  this  island  equaling  2. 1 million  square  km.  At  the  same  time,  the  sea  ice  of  the  Northern 
Hemisphere  at  the  instant  of  its  greatest  development  occupies  an  area  of  about  1200  million 
square  km. 

In  the  Northern  Hemisphere,  aside  from  Greenland,  land  ice  reaching  sea  level  is  also 
located  on  the  outer  shores  of  Baffin  Bay.  Smaller,  Isolated  glaciation  is  found  in  the  American 
sector  of  the  arctic-on  Prince  Patrick  and  Melville  Islands.  In  the  Eurasian  sector  of  the  arctic, 
glaciation  is  located  on  the  islands  of  the  Spitsbergen  archipelago,  on  White  and  Victorian  Islands 
(between  Spitsbergen  and  Franz  Joseph  Land),  on  the  islands  of  Franz  Joseph  Land  (approximately 
97  per  cent  of  the  area  of  the  entire  archipelago  is  covered  by  land  ice),  on  Novaya  Zemlya,  on 
Vlsakov  and  Schmidt  Islands  (between  Franz  Joseph  Land  and  Severnaya  Zemlya),  and  on  Severnaya 
Zemlya.  The  only  known  place  of  glaciation  east  of  Cape  Cheliuskin  is  on  the  Delong  Island,  and 
there  the  glacier  reaches  the  sea  only  on  Henrietta  Island  (figure  43). 

An  investigation  of  the  glaciation  in  the  Northern  Hemisphere  attracts  attention  first  to  the 
fact  that  the  more  northerly  parts  of  the  land,  namely  Greenland  and  Ellesmere  Land,  are  free  of 
glaciers.  Labrador,  having  a very  low  summer  temperature  (about  7”)  and  also  being  located  in 
the  path  of  summer  cyclones,  is  almost  completely  free  of  glaciers.  The  entire  northern  shore  of 
Spitsbergen  is  almost  completely  free  of  glaciers.  It  follows  from  these  examples  that  high  geo- 
graphic latitudes  anti  low  summer  temperatures  are  still  not  enough  for  the  formation  of  glaciers. 
Altitude  above  sea  level  Is  also  not  enough,  nor  are  large  horizontal  distances.  Thus,  for  instance, 
the  very  small  Victoria  Island  (about  G km  long),  located  between  Spitsbergen  and  Franz  Joseph 
Land,  is  almost  completely  covered  by  glacier  ice,  whereas  higher  and  larger  islands,  located  fur- 
ther to  the  north  along  the  northern  shores  of  Spitsbergen,  do  not  have  an  ice  cover.  Without  a 
doubt,  the  most  important,  other  factors  being  equal,  is  the  amount  of  precipitation.  Thus,  for  in- 
stance, it  is  known  that  in  Iceland,  along  the  dryer  northern  side,  the  snow  line  is  located  at  1, 000 
to  1,300  m above  sea  level,  while  on  the  southern,  moister  side,  it  decreases  to  600  to  800  m, 
i.e.  , It  is  located  300  to  500  m lower. 
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Figure  43.  Boundaries  of  glacial  regions,  fossil  ice  and 
permafrost. 

The  question  of  whether  present-day  glaciation  is,  as  a whole,  a relic,  or  if  at  a given  stage 
it  is  in  a state  of  equilibrium,  is  extremely  interesting  but  still  unsolved. 

Brooks,  especially  in  Greenland,  does  not  consider  glaciation  a relic.  He  points  out  that  on 
the  western  side  of  Greenland,  the  snow  line  passes  approximately  90  km  from  the  shore  and 
divides  the  ice  dome  into  two  parts,  accumulating  and  destroying.  The  accumulating  part  annually 
receives  36  cm  of  precipitation.  The  thickness  of  the  destroying  part  decreases  from  2 m at  the 
edge  to  0 m at  the  snow  line  and  averages  95  cm.  Of  these  95  cm,  about  75  per  cent  is  destroyed 
in  melting  and  evaporation  and  about  25  per  cent  in  the  formation  of  icebergs  along  a 90  km  belt. 

The  glacier  color  of  Greenland,  and  also  its  numerous  glaciers,  have  been  comparatively 
well  studied  through  observations  made  during  crossings  of  the  icecap  and  also  through  observa- 
tions made  during  the  numerous  sledge  and  marine  expeditions. 

The  Icecap  of  Greenland  consists  of  two  domes:  the  northern,  having  its  center  near  75° 
north,  and  the  southern,  having  its  center  near  65'  north,  with  corresponding  heights  of  3, 250  and 
2, 920  m (possibly  there  is  a third  dome  in  the  area  of  Angmatssalik).  According  to  Wegener's 
setsmometric  measurements,  the  thickness  of  the  ice  in  the  western  part  of  the  cap  attains  2 to  3 
km.  If  the  entire  mass  of  Greenland  ice  is  melted,  the  level  of  the  ocean  would  rise  approximately 
8 m.*  between  the  northern  and  southern  domes  of  the  icecap,  approximately  along  the  70th  paral- 
lel (Greenland is  divided  by  a deep  valley).  Into  this  valley  the  ice  flows  along  the  slopes  of  both 
domes  and,  further,  along  the  valley  into  the  sea,  mainly  on  the  side  of  the  Baffin  Gulf  since  the 


*It  has  also  been  computed  that  if  all  the  ice  covering  the  antarctic  mainland  Is  melted,  the 
level  of  the  world  ocean  would  rise  23  m . 
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climate  is  less  severe  here  and  also  because  the  slope  of  the  valley  is  steeper,  and  therefore  the 
area  of  ice  accumulation  is  greater.  The  fact  that  the  main  mass  of  Greenland  icebergs  is  calved 
between  6;>°  and  75’  north  is  explained  mainly  by  the  presence  of  this  cross  valley. 

LITERATURE:  62,  76.  143,  146.  171. 

Section  51.  Icebergs 

The  ends  of  glaciers,  (ailing  into  the  sea  in  a form  of  hanging  walls  or  steep  slopes  in  pro- 
portion to  their  entry  into  the  water,  undergo  a constantly  increasing  pressure  of  the  water  from 
the  bottom  upward  due  to  the  low  density  of  the  ice.  In  connection  with  the  periodic  and  non- 
periodic fluctuations  of  the  sea,  this  pressure  first  increases  then  decreases,  and  as  a result, 
chunks  of  ice  of  smaller  or  larger  size  break  off  from  the  end  of  the  glacier.  Icebergs,  extremely 
different  in  size  and  form,  starting  with  small  "pups”  and  ranging  to  tremendous  "ice  mountains," 
are  formed  in  this  manner.  Drigalskii  considers  that  the  end  of  a glacier  can  waste  in  three  ways: 

In  the  first,  a complete  fissure  going  approximately  across  the  end  of  the  glacier  is  formed, 
lhe  broken-off  monolith  of  ice,  after  several  fluctuating  movements  at  opposite  positions  of  equilib- 
rium corresponding  to  its  form,  becomes  an  iceberg  carried  from  place  to  place  by  marine  cur- 
rents and  wind.  The  largest  icebergs  are  created  in  this  way. 


The  second  method  is  characteristic  during  the  summer  for  the  comparatively  southern  lati- 
tudes, particularly  in  Baffin  Strait.  If  the  summer  wastage  of  the  glacier  end  is  greater  on  top  than 
its  wastage  in  the  water,  then  the  arm  of  the  glacier  finally  becomes  an  underwater  shelf,  which 
extends  for  a considerable  distance  into  the  sea.  In  time,  this  underwater  shelf  breaks  off  and 
floats  up  from  the  depths  of  the  sea.  It  is  clear  that  such  "float-up  icebergs"  cannot  be  of  a large 
size.  Aside  from  this,  they  are  outstanding  in  the  great  erosion  of  their  form. 


In  the  third  form  of  end-glacial  waste,  large  and  small  chunks  of  ice  gradually  break  off  from 
its  hanging  wall  and  fall  into  the  water.  This  method  of  wastage  is  especially  characteristic  of 
slowly  moving  glaciers  in  the  high  latitudes  and  of  ice-dome  islands  (see  Section  53). 


Every  glacier  falling  into  the  sea  can  be  characterized  by  its  productivity,  i.  e. , by  the 
amount  of  icebergs  produced  annually  and  also  by  the  size  and  form  of  the  latter. 


First  of  all,  the  productivity  of  a glacier  is  determined  by  the  velocity  of  its  flow.  As  a 
whole,  this  velocity  is  always  greater  along  the  axis  of  the  glacier  (than  along  the  edges)  and  in  the 
upper  part  (than  in  the  lower). 


The  flow  velocity  of  some  glaciers  in  Greenland  is  extremely  great.  Thus,  for  instance, 
Quarayaq  Glacier,  along  the  western  shore  of  Greenland  (70’  north.  50°  west),  which  is  only  5 km 
wide  along  its  front,  with  an  altitude  of  100  m above  sea  level  at  the  end  of  the  arm,  flows  at  a 
velocity  of  20  to  25  m per  day,  i.e. , at  a velocity  almost  20  times  greater  than  the  velocity  of  the 
most  rapid  Alpine  glaciers.  Jakobshaven  Glacier,  located  somewhat  farther  south,  which  does  not 
halt  its  activity  even  during  winter  and  which  yields,  by  computation.  1,350  icebergs  annually,  or 
about  10  per  cent  of  all  the  Greenland  icebergs,  flows  with  the  same  velocity. 

In  August,  1928,  Smith  counted  4,  000  to  6,  000  icebergs  in  the  Jakobshaven  fjord.  It  is  noted 
that  after  indeterminate  periods  of  time,  approximately  ten  times  a year,  a chain  of  icebergs  (evi- 
dently after  breaking  an  ice  dam  which  had  formed  somewhere),  begins  to  move  toward  the  exit 
from  the  fjord,  slowly  at  first  but  later  at  a velocity  of  10  to  15  km/hr.  All  this  is  accompanied  by 
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a great  noise,  heard  for  several  miles  and  continuous  for  several  days.  This  glacier,  occupying 
only  7 km  along  its  front  and  having  a front  altitude  of  88  m above  sea  level,  evidently  yields  the 
greatest  and  most  fantastic  icebergs  of  the  Northern  Hemisphere.  Its  peculiarity,  as  is  usual 
with  rapid  glaciers,  is  the  fact  that  the  icebergs  calfed  by  it  are  higher  than  the  face  of  the  glacier. 
Thus,  for  example,  Drigalskii  saw  in  this  region  an  iceberg  which  towered  149  m above  the  level  of 
the  sea. 

The  glaciers,  occupying  a considerable  distance  along  their  fronts  but  moving  slowly,  can 
produce  no  icebergs  at  all  or  produce  very  few  of  them,  wasting  mainly  by  means  of  calfing  larger 
or  smaller  chunks  of  ice.  Thus,  for  example,  again  in  Greenland,  in  the  environs  of  Frederikshaab 
the  front  of  the  glacier  occupies  20  km  of  shoreline,  but  the  rate  of  flow  of  the  glacier  is  equal  to 
the  rate  of  melting  at  its  end,  and  because  of  this,  this  glacier  produces  no  icebergs. 

In  the  Northern  Hemisphere,  one  of  the  largest  glaciers  in  frontal  width  is  the  glacier  which 
falls  toward  Northeast  I,and  (Spitsbergen)  from  Cape  Leigh-Smith  to  Cape  Mohn  and  which,  accord- 
ing to  Nordenskjold,  presents  an  unbroken  ice  wall  inaccessible  from  the  sea  about  100  km  in 
length.  But  the  productivity  of  this  glacier  is  so  small  that  during  1930,  for  instance,  we  on  the 
Knipovich  did  not  see  a single  iceberg  in  the  nearby  regions. 

The  Qariaq  and  the  Jakobshaven  Glaciers  of  Greenland  fall  into  Disko  and  Nordost  Bays, 
which  are  located  exactly  across  from  the  Greenland  cross  valley,  down  which  the  main  flow  of 
mainland  ice  is  directed.  Because  of  this,  these  glaciers,  along  with  numerous  other  glaciers  fall- 
ing into  these  same  bays,  annually  yield,  according  to  Smith,  5,400  (out  of  7,  500)  large  icebergs 
(i.e. , such  that  their  size  would  be  sufficient  to  pass  Davis  Strait  and  then  descend  into  the 
Newfoundland  area  without  melting  or  disintegrating. ) 

The  productivity  of  glaciers  also  depends  on  local  conditions.  The  glaciers  of  Northern 
Greenland  flowing  into  the  North  Arctic  Ocean  (the  northernmost  glacier  of  the  Northern 
Hemisphere — Jungersen  Glacier — is  located  near  80°  north),  have  arms  reaching  far  out  to  sea 
like  the  glaciers  of  the  antarctic,  due  to  the  severe  climatic  conditions  and  the  nearness  of  the  pack 
and  paleocrystic  ice.* 

The  size  of  the  icebergs,  as  we  have  seen,  depends  partly  on  the  velocity  of  the  glaciers  flow, 
but,  of  course,  it  is  also  determined  by  its  vertical  and  horizontal  measurements.  In  this  relation, 
the  icebergs  of  the  Northern  Hemisphere  can  in  no  way  be  compared  with  antarctic  icebergs. 

The  largest  Greenland  icebergs  (of  87  icebergs  measured  by  Drigalskii)  was  149  m high. 
Krummel  mentions  an  iceberg  17  to  22  m high,  13  km  long,  and  6 km  wide,  encountered  near  Baffin 
Land  in  1882.  The  weight  of  such  an  iceberg  would  be  about  23  million  tons. 

The  icebergs  of  eastern  Greenland  are  considerably  smaller.  The  largest  of  them,  not  far 
from  its  place  of  inception,  was  70  m high  and  about  1 km  long.  The  size  of  the  largest  iceberg  re- 
ported by  the  International  Ice  Patrol,  near  Newfoundland  (where  West  Greenland  icebergs  are  car- 
ried almost  exclusively)  was:  height,  87  m;  length,  565  m. 


♦It  is  considered  that  the  arm  of  the  Petterman  Glacier  (81°  north,  62°  east),  which  is  the 
longest  one  in  the  Northern  Hemisphere  (several  meters  high  above  the  surface  of  the  water),  ex- 
tends the  float  at  least  40  km  out  to  sea.  Such  arms,  which  break  themselves  a path  through  old 
piled-up  fast  ice,  break  off  once  every  15  to  20  years. 
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At  the  same  time,  antarctic  icebergs  are  often  several  tens  of  kilometers  long.  Thus,  for 
Instance,  in  1854  In  the  Atlantic  Ocean  (44°  south,  28“  west),  an  ice  mountain  measuring  75  to  120 
km  long  and  90  m high  was  observed.  In  1894,  south  of  New  Zealand,  the  steamer  Antarctic  saw 
an  ice  mountain  130  km  long.  In  November,  1904,  near  the  Falkland  Islands,  the  vessel  Zen  ita 
saw  a mountain  whose  height  was  determined  at  450  m . 

After  the  iceberg  is  separated  from  the  end  of  the  glacier,  under  the  influence  of  the  wind  or 
currents,  it  begins  to  move  or  to  be  carried  out  into  the  open  ocean  or  ground  itself  on  the  offshore 
shallows  where  it  gradually  changes  its  original  form  and  is  destroyed. 

The  icebergs  in  the  North  Arctic  Ocean  have  little  practical  significance.  This  is  explained 
by  the  fact  that  here  icebergs  are  found  far  from  the  usual  trade  routes  and  also  by  the  fact  that,  as 
a whole,  there  are  very  few  of  them  in  the  European  sector  of  the  arctic.  Thus,  according  to  the 
computations  of  Smith,  about  600  small  icebergs  were  born  here  annually. 

The  glaciers  of  Spitsbergen  and  Novaya  Zemlya  are  located  in  the  "muff'  of  deep  fjords,  sep- 
arated from  the  open  parts  of  the  sea  by  a comparatively  shallow  shelf.  Because  of  this,  a large, 
newly  calfed  iceberg  must  first  decrease  in  size  in  order  to  pass  out  of  the  fjord.  And  the  small 
iceberg,  when  reaching  the  warm  waters  of  Spitsbergen  and  Nordkapp  currents,  melts  very  rapidly. 

The  icebergs  of  Eastern  Greenland  also  have  little  practical  importance.  They  also  are  com- 
paratively small  in  size,  and,  on  the  whole,  there  are  few  of  them.  Those  which  succeed  in  leaving 
the  fjord  travel  near  the  shore  along  with  the  East  Greenland  current  to  the  southwest  around  Cape 
Farewell,  and  here  they  join  the  West  Greenland  icebergs.  Figure  44  shows,  according  to  Smith, 
the  usual  western  and  southern  borders  of  distribution  of  Eastern  Greenland  icebergs  around  Cape 
Farewell. 
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Figure  44.  The  extreme  western  and  southern 
limits  of  distribution  of  East 
60 * SO * 40°  30*  Greenland  icebergs. 

As  has  been  pointed  out,  the  icebergs  of  Baffin  Strait  are  of  the  greatest  practical  importance. 
Along  with  pack  ice,  they  are  carried  out  into  the  open  ocean  by  the  Labrador  current,  and  here 
their  course  crosses  the  most  important  trade  routes  between  Europe  and  the  ports  of  North 
America.  In  spite  of  the  fact  that  the  icebergs  of  Baffin  Strait,  in  their  amount,  comprise,  accord- 
ing to  Smith,  only  2 per  cent  of  the  amount  of  sea  ice  which  had  formed  during  the  winter  in  the 
same  sea,  it  is  the  icebergs,  not  the  surviving  sea  ice,  which  comprise  the  main  threat  to  marine 
navigation.* 


*In  April,  1912,  the  steamer  Ti  tanic  sank  as  a result  of  a collision  with  an  iceberg  at  41“  46' 
north,  59“  14'  west,  at  which  time  1,  513  persons  lost  their  lives. 
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The  shape  of  the  Icebergs  also  depends  on  locaJ  conditions.  At  the  moment  of  calfing,  ice 
bergs  can  be  divided  into  two  classes:  table-like  (figure  45)  and  pyramidal  (figure  46). 


Figure  45.  Table-top  ice  mountain  40  m above  sea  level 


Figure  46.  Pyramid  iceberg 


The  first  are  characteristic  of  the  antarctic,  where  the  icebergs  are  formed  mainly  by  cleav- 
age from  level  ice  arms  or  by  separation  from  the  main  mass  of  the  shelf  ice.  In  the  high  latitudes 
of  the  arctic,  near  Franz  Joseph  Land,  for  example,  where  the  flow  of  the  glaciers  is  slow  and 
where  the  glaciers  are  narrow  and  comparatively  high,  ordinarily  icebergs  of  almost  perfect  cubic 
form  are  found. 


Figure  47.  Icebergs  cubic  in  form. 


Pyramidal  icebergs  are  characteristic  of  rapidly  moving  glaciers  located  in  the  more  south- 
erly latitudes,  which  are  conditioned  by  high  gradients  of  velocity  and  strong  waste  of  the  ends  of 
the  glaciers  due  to  melting.  The  most  fantastic  iceberg  shapes  of  the  Northern  Hemisphere  are 
evidently  yielded  by  the  Jakobshaven  Glacier,  as  Smith  points  out. 

In  time,  the  iceljergs.  due  to  unequal  destruction  of  their  under-  and  above-water  parts,  be- 
come constantly  more  fantastic  and  variated  in  their  shape. 

Icelierg  classification  <1  have  used  Smith's  classification  as  the  basis  of  it)  is  as  follows: 

"Table-like"  forms  (right-angle,  cubic,  with  more  or  less  precipitous  side  walls)  are  char- 
acteristic of  young  icebergs  calved  under  severe  climatic  conditions  by  slowly  moving  glaciers. 

"Pyramidal"  forms  are  characteristic  of  young  icebergs  calved  by  rapidly  flowing  glaciers. 

"Rounded"  forms  are  characteristic  of  old  icebergs  under  severe  climatic  conditions,  whose 
sharp  outlines  have  been  rounded  by  the  action  of  the  sun  and  the  wind.  The  rounded  forms  are 
particularly  characteristic  of  icebergs  which  have  floated  up  and  also  of  icebergs  which  have  turned 
over  or  floated  up  after  their  underwater  parts  have  been  destroyed  (figure  48). 

"Fantastically  eroded”  forms  are  characteristic  of  young  icebergs  calved  bv  rapidly  moving 
glaciers. 

"Columnar"  and  "grotto"  forms  are  characteristic  of  icebergs  whose  underwater  part  is  con- 
siderably destroyed  by  the  sea  and  atmosphere.  Such  forms  are  ordinarily  distinguished  by  strongly 
developed  under-water  projections. 

"Winged"  and  "horned"  forms  are  characteristic  of  icebergs  in  the  last  stages  of  destruction 
of  their  above-water  parts  (figure  49.) 
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Figure  48.  Rounded  iceberg. 


Figure  49.  Iceberg  with  a window. 

It  is  clear  that  the  icebergs  encountered  cannot  always  be  related  to  one  of  these  listed  forms. 

One  sign,  however,  remains  unchanged.  A recently  calved  or  recently  split  iceberg  has 
sharp  outlines— like  a broken  lump  of  sugar.  In  time,  due  to  melting  and  wind  wastage,  the  sharp 
external  forms  of  the  icebergs  disappear,  yielding  to  soft,  eroded  forms.  Thus,  the  degree  of 
rounding  of  the  iceberg's  outline  is  a sign  of  its  relative  age. 

As  we  shall  see  further,  the  relation  of  the  underwater  deposit  to  the  above-water  elevation 
of  sea  ice,  even  for  floes  having  horizontal  upper  and  lower  surfaces  and  vertical  side  walls,  fluc- 
tuates within  considerable  limits,  depending  on  the  density  of  the  ice  and  the  density  of  the  water  in 
which  the  ice  is  floating. 
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But  tho  irregularity  of  their  form  has  still  greater  effect  on  the  draught  of  the  Ice.  There- 
fore, If  the  floe  has  flat  and  wide  underwater  parts,  its  narrow  above-water  part  can  rise  consider- 
ably above  the  level  of  the  sea.  This  phenomenon  Is  particularly  frequent  with  icebergs  destroyed 
by  mo..tng,  which  adopt  extremely  fantastic  forms  during  this  period.  Thus,  according  to  Smith, 
the  relation  of  the  draught  of  icebergs  to  tholr  elovation  above  sea  level  is  equal,  on  an  average,  to 
the  amounts  shown  in  table  27. 


TABLE  27.  THE  K ELATION  OF  THE  DRAUGHT 
TO  THE  HEIGHT  OF  THE  ABOVE- 
WATER PART  OF  ICEBERGS  OF 
VARIOUS  FORMS 


Table  top  i'-ebergs 5 

Rounded  lcoboi?s 4 

Pyramidal  icebergs 3 

Columnar  icebergs  ...  ......  2 

Winged  icebergs 1 


These  results  are  based  on  numerous  direct  measurements  of  the  heights  and  draught  of  ice- 
bergs which  were  carried  out  by  the  International  Ice  Patrol,  and  also  according  to  the  observa- 
tional data  of  many  expeditions. 

The  course  of  meltage  and  destruction  of  icebergs  is  extremely  characteristic.  It  is.  how- 
ever, necessary  to  differentiate  between  the  wastage  or  destruction  of  icebergs  in  tho  areas  of  their 
formation  and  in  the  areas  to  which  thoy  have  lieen  carried.  These  processes  have  been  studied 
best  in  the  areas  of  the  Labrador  Current  and  the  Gulf  Stream. 

According  to  Smith,  during  the  summer,  water  in  the  Labrador  Current  is  cold  and  the  air  is 
warm;  because  of  this  the  above-water  part  of  the  iceberg  melts  first  of  all.  But  in  the  Gulf  Stream, 
during  the  spring,  the  water  is  considerably  warmer  than  the  air,  as  a result  tho  underwater  part 
melts  and  is  destroyed  taster. 

Melting  reaches  its  greatest  rate  during  the  summer  in  the  Gulf  Stream  (warm  air  and  warm 
water).  Rivulets  stream  down  the  iceberg  in  a constant  flow,  different  pieces  and  chunks  break  off 
from  the  iceberg  now  and  then,  the  center  of  balance  is  destroyed,  and  the  iceberg  frequently  turns 
over.  It  is  natural  that  the  smaller  the  iceberg,  the  more  rapidly  it  melts.  This  is  explained  not 
only  by  the  fact  that  the  smaller  the  iceberg,  the  greater  is  the  relation  of  its  surface  to  its  size, 
but  also  by  the  fact  that  the  small  iceberg  floats  in  the  surface  layers  more,  i.e.,  the  water  layers 
which  are  more  mobile  and,  during  the  summer,  warmer. 

According  to  Smith,  the  height  of  an  icelterg  during  the  summer  in  Baffin  Gulf  decreases  bv 
7 m per  day  on  an  average;  In  Davis  Strait,  this  decrease  is  up  to  1.3  m;  in  Newfoundland,  up  to 
2.0  m;  and  to  the  south  of  tho  Great  Banks,  up  to  3.3  m per  day.  In  the  throe  months  of  its  journey 
from  Baffin  Gulf  to  the  region  south  of  tho  Great  Banks,  the  average  height  of  an  Iceberg  decreases 
from  SO  to  40  m,  and  its  mass  from  1.  500,000  to  1 50, 000  Ions. 

According  to  the  observations  of  the  Ice  Patrol,  the  height  of  the  icebergs  in  the  Gulf  Stroam 
decreases  by  10  m per  day  In  separate  Instances,  aixl  in  .June,  1!)2G,  a largo  iceberg  127  m long 
molted  In  36  hours  at  the  edge  of  the  Gulf  Stroam. 
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The  destruction  of  icebergs  In  warm  waters  Is  Increased  during  stormy  weather,  when  u 
mechanical  erosion  of  the  Icebergs  is  added  to  the  thermal  effect  of  the  air  on  the  water.  As  Smith 
indicates,  this  erosion  of  icebergs  is  centered  on  the  central  part  of  the  iceberg.  Actually,  one  of 
the  ends  of  the  major  axis  of  the  iceberg  becomes  eroded,  due  to  the  loss  in  weight,  this  end  rises 
and  erosion  begins  on  the  other  side.  At  the  same  time,  erosion  does  not  cease  along  the  short  axis 
(near  which  the  fluctuation  occurs).  This  explains  the  characteristic  form  of  the  icebergs  and  floes 
resembling  a saddle  as  a result  of  their  erosion. 

LITERATURE:  62,  143,  151,  171. 


Section  52.  Icebergs  in  the  Soviet  Arctic  Seas 

In  the  Eurasian  sector  of  the  arctic,  icebergs  are  found  in  the  Herents  (mainly  in  the  north- 
western part),  the  Kara  and  Laptev  seas. 

The  glaciers  of  Spitsbergen  do  not  yield  Icebergs  of  any  importance.  In  any  caso,  in  1933, 
during  our  navigation  on  the  vessel  A n ipovich , we  did  not  see  a single  Iceberg  from  Hope  Island 
to  White  Island. 

Near  White  Island,  which  consists  of  an  Icecap  island,  (during  the  journeys  of  1930,  1932,  and 
1935)  I observed  many  icebergs,  both  from  its  southern  and  its  northern  side.  The  icebergs  were 
small  with  hanging  walls.  In  the  majority  of  the  cases,  they  stood  in  shallows,  evidently  grouping 
themselves  near  separate  banks,  which  were  somewhat  removed  from  the  island. 

Near  Victoria  Island,  which  we  circumnavigated  in  1932,  there  were  few  icebergs:  they  were 
also  not  very  large,  and  they  also  stood  in  shallows. 

There  are  more  Icebergs  near  Franz  Joseph  Land.  Their  height  above  sea  level  reaehos 
25  m,  and  the  length  up  to  half  a kilometer.  Leigh-Smith  mentions  an  iceberg  several  miles  long. 
The  cubic  form  of  Icebergs  is  most  common  in  this  area. 

ft  is  possible  that  such  a form  of  icebergs  is  partially  connected  with  the  slow  movement  of 
the  glaciers.  Thus,  according  to  Vize,  the  glaciers  on  Guker  Island  flow  at  a rate  of  12  to  17  cm 
diurnally,  and  their  summer  rate  of  flow  is  greater.  From  24  April  to  4 August  1933,  the  glacier 
on  Rudolf  Island  flowed  at  a rate  of  9 cm  diurnally,  judging  by  the  displacement  of  the  guide  stake 
by  9. 13  m during  this  time.  It  is  curious  that  during  the  Duke  of  Abruzzi  expedition  (1899-1900), 
the  movement  of  glaciers  on  this  island  was  not  observed. 

If  the  straits  of  Franz  Joseph  Land,  which  each  glacier  flowing  into  the  sea  is  near,  are  ig- 
nored. icebergs  are  more  numerous  near  the  southwestern  and  northwestern  shores.  Here  also, 
they  seem  to  border  the  banks  a distance  from  the  shore.  In  the  beginning  of  August,  1928,  the 
Sedov  counted  24  icebergs  south  of  Alexander  Island. 

Icebergs  are  seldom  found  between  Victoria  Island  and  Franz  Joseph  Land.  At  any  rate,  in 
1930,  we  saw  2 or  3 icebergs,  and  in  1932,  while  rounding  Franz  Joseph  Land,  we  did  not  see  a 
single  Iceberg  when  there  was  complete  absence  of  ice  and  visibility  was  good.  We  also  saw  no 
icebergs  (with  exception  of  Icebergs  in  the  straits)  during  the  1932  voyage  from  Rudolf  Island  to 
Belaya  Zemlya,  and  further  south  around  the  eastern  shores  of  Franz  Joseph  I .and.  and  during  the 
1935  voyage  near  the  eastern  shores  of  Franz  Joseph  Land. 
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Along  tho  Be  rents  Sea  shore  of  Novaya  Zemlya,  no  icebergs  are  found  as  a rule  in  the  open 
sea,  even  though  in  the  depth  of  almost  every  fjord  of  the  northern  island  of  Novaya  Zemlya  there 
are  glaciers  falling  into  the  sea. 

Thus,  Franz  Joseph  Land  (figure  50)  should  be  considered  the  greatest  producer  of  Icebergs 
in  the  Berents  Sea.  In  certain  years,  these  icebergs  conclude  surprising  voyages. 

Thus,  in  April.  1929,  icebergs  were  seen  at  71°  north  and  34  ft*  east  In  the  first  ten  days 
of  May,  these  icebergs  showed  up  near  Murman.  The  position  of  some  of  them  was  as  follows: 

1 - 68°  13'  north.  39°  24'  east;  2 - within  four  miles  northeast  of  Cape  Chernyi;  3 - 69°  22'  north. 
35°  44'  east;  4 - w ithin  20  miles  northwest  of  Cape  Tsip-navolok;  5 - near  Teri  berki.  The  height 
of  the  icebergs  was  up  to  12  m above  sea  level.  Later,  these  iceliergs,  carried  into  the  strait  of 
the  White  Seas,  stayed  near  the  Kaninskii  shore  through  June. 

Such  an  extremely  rare  course  of  icebergs  has  to  be  explained  by  north  winds  which  had  blown 
the  icebergs  into  the  Nordkapp  Current,  which  afterwards  carried  them  to  the  east  along  the 
Murmansk  shore.  This  example,  at  the  same  time,  illustrates  the  longevity  of  iceliergs,  explained 
by  their  great  mass  and  monollthicity. 

In  the  Kara  Sea,  along  the  eastern  shore  of  Novaya  Zemlya.  almost  no  iceliergs  can  be  found 
for  the  same  reasons  as  along  its  western  shores:  the  existing  system  of  currents  and  winds  forces 
them  to  the  shore,  and,  furthermore,  the  shallow  steppes  do  not  permit  them  to  move  out  of  the 
fjords  in  which  they  have  broken  off  from  the  glacier. 


Figure  50.  Locations  of  icebergs  found  in  tho  Barents 
Sea  from  1899  to  1928. 


Many  icebergs  are  found  near  I’shakov  Island  Actually,  this  island  was  discovered  by  us 
(expedition  on  the  -)  in  1935  in  a fog,  chiefly  due  to  an  unexpected  meeting  with  icebergs,  the 

sharp  form  of  which  forced  us  to  presume  that  they  had  calved  recently  and  that  the  place  of  their 
birth  was  located  somewhere  near. 
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According  to  the  observations  of  the  Ushakov  Expedition  (1930  to  1932),  land  Icing  reaches  its 
greatest  volume  on  Komsomlets  Island-the  northern  island  of  Severnaya  Zemlya.  Here  there  are 
several  icecaps,  from  which  glaciers  fall  into  Krasnaya  Armiya  Strait.  The  winds  and  currents 
carry  the  icebergs  out  of  the  strait  into  the  Kara  Sea  and  mainly  into  the  Laptev  Sea. 

Icebergs  are  evidently  seldom  seen  near  the  northwest  shores  of  Severnaya  Zemlya  At  any 
rate,  during  the  voyage  on  th eSadko  In  1935,  we  did  not  see  them.  Along  the  southwest  shores  of 
Severnaya  Zemlya,  icebergs  are  found  which  have  been  carried  mainly  out  from  Shokalsldi  Strait. 

In  the  Laptev  Sea  near  the  Krasnaya  Armiya  Strait,  the  Sibiryaou  counted  129  icebergs 
standing  here  in  the  shallows  and  evidently  carried  from  this  strait.  It  is  interesting  to  note  that 
according  to  the  observation  of  1932,  icebergs  were  seldom  found  in  the  area  south  of  the  80th 
parallel:  only  the  Ernak  in  1935,  counted  30  to  35  icebergs  in  its  course  from  Villdskii  Strait  to 
Cape  Lavrov. 

Judging  by  all  signs,  in  the  areas  adjacent  to  Severnaya  Zemlya  on  the  southwest  and  the 
southeast,  the  same  "expulsion"  of  icebergs  was  observed,  as  was  noted  along  the  shores  of 
Murman  In  1929. 

Latoionov  assumes  that  the  icebergs  found  In  1940  near  the  eastern  shores  of  Bolshevik  Island 
(in  1939  they  were  not  there)  were  carried  there  from  Krasnaya  Armiya  Strait,  where  they  are 
particularly  numerous  and  where,  bounded  by  breaking  fast  ice,  they  can  accumulate  during  the 
course  of  several  years,  and  afterwards,  during  especially  good  conditions,  are  carried  to  the  sea 
at  once  in  great  numbers  in  the  same  way  as  it  occurs  in  certain  glaciers  of  northwest  Greenland. 

Laktionov  considers  the  positive  anomalies  of  air  temperatures  observed  in  1938  and  1939  at 
Cape  Cheliuakln  as  one  of  the  indicators  of  such  good  conditions. 

As  Padalka  informed  me,  during  the  27  March,  1943,  flight  to  the  north  along  the  Rudolf  Island 
meridian  (Franz  Joseph  Land)  between  84°  and  84°  30'  north,  hundreds  of  icebergs  were  found, 
while  to  the  west  of  the  course,  the  number  decreased.  It  Is  noteworthy  that  not  a single  iceberg 
was  observed  during  the  frequent  flights  of  Soviet  airplanes  approximately  along  the  same  route 
when  the  "North  Pole"  station  was  being  organized.  Padalka  supposes  that  these  icebergs  were 
carried  toward  Severnaya  Zemlya  (see  Section  135). 

The  following  fact  is  no  less  noteworthy.  In  October,  1943,  within  3 km  north-northwest 
from  Cape  Cheliuskin,  a table-top  iceberg  1,500  m long  and  400  m wide  and  10  m high  above  sea 
level  was  found.  Fliers  have  told  me  that  during  summer  aerial-reconnaissance  flights,  they  had 
seen  this  unusual  iceberg  near  the  eastern  shores  of  Severnaya  Zemlya. 

LITERATURE:  62,  77  96. 


Section  53.  Icecap  Islands 

Glaciers  are  a completely  natural  phenomena  in  many  countries  possessing  high  mountains 
The  snow  required  for  the  formation  of  glaciers  gathers  here  in  extensive  snowfall  (nutrition)  areas 
and  then,  changed  by  pressure  into  glacier  ice,  flows  along  one  or  several  beds  into  the  valleys  or 
to  the  sea.  As  has  already  been  mentioned,  the  lower  the  summer  melting  and  the  more  solid  pre- 
cipitation, the  more  likely  is  the  formation  of  powerful  glaciers. 


From  this  point  of  view,  "icecap  islands"  are  a great  geographic  puzzle.  These  islands,  In 
spite  of  their  low  height  above  sea  level  and  their  small  size,  are  almost  completely  buried  under 
ice.  From  the  sea,  they  seem  like  a precipitous  Ice  wall  of  larger  or  smaller  height  above  sea 
level.  The  "ice  dome"  (figure  51),  resembling  a turtle  shell,  rises  evenly  toward  the  center  of  the 
island. 

Ice  islands  can  be  roughly  divided  into  two  types: 

In  the  first  type  are  Bruce  and  Evaliv  Islands  in  the  Franz  Joseph  Archipelago,  and  also 
Ushakov  and  Schmidt  Islands,  located  between  Franz  Joseph  Land  and  Severnaya  Zemlya.  These 
islands  are  completely  buried  under  an  ice  cover. 

White  and  Victoria  Islands,  located  between  Spitsbergen  and  Franz  Joseph  Land,  belong  to 
the  second  type.  These  islands  have  only  small  and  low  spits  (with  a developed  shore  ridge)  which 
project  from  the  precipitous  ice  wall. 

The  precipitous  ice  walls  are  particularly  high  on  White  and  Victoria  Islands,  where  in  some 
places,  in  spite  of  the  small  size  (especially  of  the  latter  island),  it  reaches  12  to  15  m.  At  a 
close  scrutiny  of  the  precipitous  wall,  we  saw  that,  first,  it  is  somewhat  inclined  toward  the  sea 
and,  secondly,  it  is  not  unigenital  but  rather  consists  of  wavy,  horizontal  layers  of  various  thick- 
ness and  structure.  Each  of  these  layers  evidently  characterizes  definite  climatic  conditions.  The 
less  precipitation  and  the  greater  the  summer  warming,  the  smaller  the  layer  is  which  Is  formed 
during  the  course  of  a given  year. 

The  main  difference  on  the  ice  cover  of  the  icecap  islands  from  the  usual  glaciers  which  are 
compressed  in  their  flow  to  the  shores,  is,  first,  almost  a complete  lack  of  fissures  and  variations 
on  their  upper  surface,  and  second,  an  even  angle  of  the  upper  surface,  equaling  approximately  2 
to  3°.  These  peculiarities  of  the  icecap  islands  make  them  extremely  usable  for  landing  airplanes, 
as  was  reported  by  Soviet  airplanes  in  1937  on  the  ice  cover  of  the  islands  of  Franz  Joseph  Land. 

The  so-called  katabatic  winds  on  these  islands  are  extremely  unpleasant  to  airplanes. 

These  winds  are  understood  to  be  a sharp  current  of  air  down  along  the  cold  slopes.  Such  winds 
were  observed  along  the  edge  of  the  antarctic  mainland,  for  example.  The  British  arctic  aerial 
route  expedition  observed  such  winds  at  its  base  camp  in  Greenland  while  at  that  time  there  were 
only  weak  and  temperate  winds  in  Angmagsalik  at  a distance  of  several  miles  from  the  camp.  Webb 
concludes  from  this  that  katabatic  winds  are  not  distributed  very  high  and  are  rapidly  expended  due 
to  the  effect  of  friction  and  frictional  mixing.  In  1930,  while  we  were  anchored  near  one  of  the 
icecap  islands  (White  Island),  we  also  observed  katabatic  wind  phenomena:  a wind  of  storm  force 
sped  down  along  the  slope,  raising  snow  dust  and  tearing  off  wave  caps  near  the  shore;  at  the  same 
time,  the  sea  was  completely  calm  at  a distance  of  2 to  3 miles  from  the  shore. 

Icecap  islands  are  usually  surrounded  by  a greater  or  lesser  number  of  icebergs  in  various 
stages  of  destruction  (in  other  words,  various  ages). 

The  most  interesting  fact  is  that  these  islands  are  located  in  the  middle  of,  or  not  far  from, 
islands  of  the  same  size  and  height,  and  even  larger,  which  have  no  great  accumulations  of  snow 
or  ice. 

Thus,  for  instance,  in  the  northwest  part  of  the  Barents  Sea,  south  of  the  typical  Icecap 
islands  (White  and  Victoria),  the  King  Karl  Islands  are  located,  which  have  no  ice  cover.  To  the 
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northwest  of  them  lie  Foyn,  Brook,  Karl,  and  Seven  Islands  and  the  northeast  shore  of  North  East 
Land,  which  are  also  devoid  of  Ice  cover.  Alexander  Land,  which  is  also  devoid  of  ice  cover  in  its 
northwestern  part,  lies  east  of  them. 

Between  Ushakov  Island— an  icecap  island— and  the  northern  island  of  Novaya  Zemlya  lies 
Vize  Island,  which  has  no  ice  cover.  The  nearest  parts  of  Franz  Joseph  Land  and  Severnaya 
Zemlya  archipelagos,  which  lie  west  and  east  of  Ushakov  Island,  are  comparatively  lightly  iced. 

Thus,  the  question  arises:  are  such  islands  relics  of  the  last  ice  age,  when  the  ice  cover 
retreated? 

It  seems  unlikely  to  me  that  Greenland,  for  example,  is  a single  island  and  not  an  archipelago 
like  Spitsbergen.  When  Greenland  thaws,  simultaneously  with  the  general  warming  of  the  arctic, 
straits  will  melt  and  waste,  first  of  all,  and  Greenland  itself  will  thus  begin  to  separate  into 
different  islands.  It  is  natural  that  during  this  some  islands  will  be  cleared  of  ice  the  last.  This 
assumption  seems  to  be  supported  by  the  fact  that  all  the  known  icecap  islands  are  located  either  in 
archipelagos  or  in  the  center  of  extensive  shallows. 

The  great  number  of  icebergs  found  near  such  islands  is  also  an  oblique  indication  of  the  fact 
that  the  Islands  are  in  a state  of  destruction.  The  amount  of  precipitation  (south  of  Franz  Joseph 
Land  about  500  mm  and  in  the  north  about  300  mm  annually)  falling  on  these  islands  cannot  com- 
pensate for  the  calving  of  icebergs. 

True,  it  should  be  pointed  out  that  the  nutritional  glaciers  can  occur  not  only  because  of  the 
precipitation  of  atmospheric  precipitates.  Clouds  consisting  of  extremely  supercooled  water  drop- 
lets, when  floating  over  cold  elevations,  form  rime  on  these  elevations.  The  importance  of  rime 
in  glacial  attrition  is  insufficiently  studied,  but  it  is  known  that  in  the  Swedish  Laplands,  at  an 
altitude  of  about  2,000  m,  and  in  the  Alps  at  an  altitude  of  about  2,000  to  3,000  m,  considerable 
accumulations  of  this  type  of  precipitation  form.  In  the  polar  lands,  rime  can  play  a considerable 
role;  much  more  so  on  such  isolated  islands  as  icecap  islands.  However,  it  would  still  be  insuffi- 
cient to  cover  the  expenditure  of  ice  as  a result  of  iceberg  calving. 

LITERATURE:  62,  77. 


Figure  51.  Ushakov  Island. 
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Section  54.  Fossil  Ice 

As  has  already  been  indicated,  there  are  no  glaciers  of  any  significance  to  the  life  of  the  sea 
east  of  Severnaya  Zemlya.  This  phenomenon  is  explained  not  only  by  the  more  southern  location 
of  the  islands  found  here,  but  basically  by  the  insignificant  amount  of  precipitation.  The  warm  and 
humid  air  masses  from  the  Atlantic  Ocean  and  Greenland  and  Barents  Seas  meeting  the  elevations 
of  Novaya  Zemlya  and  Severnaya  Zemlya  in  their  course  are  considerably  dehumidified. 

On  the  other  hand,  in  the  region  east  of  Cape  Cheliuskin,  there  are  noteworthy  deposits  of 
"fossil  ice,"  buried  under  later  bottom  deposits. 

According  to  Toll,  fossil  ice  represents  remnants  of  the  same  mainland  ice  as  the  ice  cover 
of  Greenland,  and  consists  of  prismatic  pieces  firmly  connected  with  each  other  and  heaped  without 
any  order.  The  surface  of  the  separate  grains  is  covered  by  pits  into  which,  like  joints,  fit  the 
projections  of  the  adjacent  grains.  The  size  of  the  large  grains  reaches  10x5  square  mm.  In  this 
way,  the  structure  of  fossil  ice  bespeaks  of  its  snow  origin. 

Fossil  ice  is  found  in  the  southern  part  of  the  northern  island  of  Novaya  Zemlya  (figure  52), 
but  it  assumes  a much  more  clear-cut  form  in  the  Laptev  Sea  and  the  l.iakhovskii  Islands.  On  B. 
l.iakhovskii  island,  * the  wall  of  fossil  ice  rises  35  to  10  m above  the  sea.  At  close  scrutiny,  this 
wall  consists  of  a sheer  ice  cornice,  under  which  is  located  a recess  braced  against  a terrace, 
formed  by  the  soil  falling  from  above  which  preserves  the  lower  layer  from  melting.  In  the  lower 
layer  of  fossil  ice,  the  sea  washes  out  large  grottoes  and  caves.  Shores  of  this  type  on  Bolshoi 
l.iakhovskii  and  Novaya  Sibiryi  Islands  (New  Siberian  Islands)  ends  in  an  "ice  bottom,  " which 
extends  far  from  the  shore  and  is  covered  by  crushed  earth  material. 


’The  length  of  l.iakhovskii  Island  along  the  parallel  is  about  Hit)  km  and  along  the  meridian 
about  50  km.  Kighty  per  cent  of  its  area  is  occupied  by  fossil  ice. 
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Fossil  ice  is  undergoing  intensive  erosion  at  the  present  time,  and  in  some  places  the  shore- 
line is  retreating  at  least  half  a m per  year.  In  this  relation,  the  Semenovskii  and  Vasil'evskii 
Islands  located  in  the  Laptev  Sea  north  of  Cape  Barkhaya  and  west  of  Cape  Stolbovoi,  are  particu- 
larly interesting. 

These  islands  were  photographed  by  the  Anjou  Expedition  (1823),  by  the  Baigach  (1912),  and 
Chronometer  (1936),  wherein  their  length  (in  km)  has  changed,  as  is  shown  in  table  28. 

TABLE  28.  LENGTH  OF  SEMENOVSKII  AND  VASIL'EVSKII  IN  KW 


Year  of  Measurement 

1823 

1912 

1936 

Semenovskii  Island 

15 

4.6 

2.0 

Vasil'evskii  Island 

7 

4.6 

- 

Judging  by  the  changes  in  the  length  of  Semenovskii  Island  and  also  by  the  fact  that  while  its 
width  in  1823  was  . 9 km,  in  1936  it  proved  to  be  . 6 km,  it  is  considered  that  annually  the  length 
of  Semenovskii  Island  decreases,  on  an  average,  113  m and  4 m in  width,  and  thus  by  1954  the 
island  should  disappear,  as  happened  in  Vasil'evskii  Island.* 

From  the  examples  which  have  been  given,  it  can  be  seen  that  in  the  region  of  the  Liakhovskii 
Island  fossil  ice  determines  the  character  of  the  shoreline  and  the  offshore  bottom. 
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♦In  1936,  the  Chronometer  could  not  find  this  island.  In  its  place,  there  was  only  a small 
bank.  The  decrease  in  the  size  and  the  melting  of  the  island,  consisting  of  fossil  ice,  is  one  of  the 
signs  of  general  warming  in  the  arctic,  which  will  be  discussed  in  Section  160. 


CHAPTER  V 

PHYSICAL  AND  CHEMICAL  PROPERTIES 

OF  SEA  ICE 


Section  55.  Salinity 

The  initial  forms  of  sea  ice,  as  have  already  been  mentioned,  are  thin  needles  or  disks  of 
pure  ice  Interwoven  with  one  another.  Because  of  its  greater  density,  the  brine  which  is  separate 
during  this  stage  seeps  through  between  the  crystals  and  drops  to  the  bottom.  However,  if  ice 
formation  takes  place  sufficiently  rapidly,  the  spaces  between  the  crystals  are  filled  with  new  ac- 
cretions of  ice  faster  than  the  brine  drains  off,  and  thus  a part  of  the  brine  remains  disseminated 
in  the  ice  in  the  form  of  more  or  less  equally  distributed  salt  cells.  In  addition,  a part  of  the  brine 
appears  on  the  surface  of  the  new  ice  and  forms  the  so-called  "surface  brine"  when  ice  crystals 
which  are  formed  at  a certain  depth  below  the  sea  surface  float  up  and  fuse. 

When  there  are  temperature  changes,  sometimes  the  brine  on  the  ice  surface  hardens  and 
sometimes  it  again  reverts  to  a liquid  mass.  In  the  latter  case,  it  seeps  downward  slowly  but 
steadily. 

Completely  anologous  phenomena  also  occur  in  the  salt  cells  which  are  disseminated  within  the 
ice  mass.  When  there  is  a decrease  in  temperature,  additional  layers  of  ice  also  form  in  them, 
and  with  subsequent  temperature  increase,  these  layers  again  revert  to  the  liquid  stage. 

It  is  clear  that  surface  brine  plays  the  main  role  in  thin  ice  formation.  As  the  ice  thickness 
increases,  the  brine  cells  assume  a greater  importance  the  more  so  since  (in  the  course  of  time) 
there  is  a continuous  downward  seepage  of  brine  and  the  surface  brine  first  enters  the  salt  cells 
and  then  the  water. 

The  disseminated  salt  solution,  which  is  surrounded  on  all  sides  by  pure  ice,  determines  the 
structure  of  sea  ice  and  is  the  primary  cause  for  many  of  its  physical-chemical  properties. 

It  follows  from  the  very  processes  of  sea  ice  formation  that  the  salinity  of  sea  ice,  by  which 
it  is  understood  to  be  the  salinity  of  the  water  obtained  when  the  ice  melts,  depends  on  the  following 
factors: 

1.  The  salinity  of  the  water  from  which  the  ice  was  formed.  Regardless  of  the  rate  of  ice 
formation,  part  of  the  brine  always  manages  to  seep  out  of  the  ice.  Therefore,  the  salinity  of  sea 
ice  is  always  lower  than  the  salinity  of  the  water  from  which  it  was  formed. 

2.  The  rate  of  ice  formation.  The  faster  the  ice  forms,  the  less  brine  manages  to  seep 
down  between  the  crystals.  And,  other  conditions  being  equal,  the  rate  of  Ice  formation  is  greater 
the  lower  the  air  temperature  at  which  the  ice  formation  takes  place . 
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Besides  this,  the  ice  crystals  which  form  when  it  is  extremely  cold  are  very  small.  Because 
they  have  a large  specific  surface,  the  crystals  retain  a large  amount  of  brine  around  themselves. 
Table  29  shows  the  corresponding  observations  of  Malmgren. 

TABLE  29.  ICE  SALINITY  VS.  AIR  TEMPERATURE 

Air  Temperature  in  "C -16  -23  -30  -40 

Salinity  of  new  ice  in  o/oo 5.64  8.01  8.77  10.16 

The  rate  of  ice  accretion  from  below  by  means  of  heat  conduction  is  generally  lower  than 
the  rate  of  ice  formation  of  surface  ice  layers  which  are  in  direct  contact  with  the  cold  air.  Thus, 
on  an  average,  while  the  rate  of  brine  seepage  is  not  great,  the  ice  salinity  decreases  from  the 
upper  surface  to  the  lower.  Malmgren's  corresponding  observations  are  given  in  table  30. 

TABLE  30.  ICE  SALINITY  VS.  LAYER  DEPTH 

Depth  of  the  layer  in  cm 0 13  55  95 

Salinity  in  o/oo 6.74  5.31  4.37  3.17 

3.  The  state  of  the  sea  during  ice  formation.  When  any  of  the  processes  that  mix  water  are 
absent,  ice  forms  in  comparatively  regular  needle  shapes;  on  the  other  hand,  the  ice  which  formed 
during  strong  mixing  resembles  a spongy  mass  saturated  with  sea  water.  This  is  saltier  than 
needle  ice.* 

It  should  be  kept  in  mind  that  ice  formation  in  the  open  sea,  even  after  the  sea  surface  is 
covered  with  the  solid  ice  cover,  seldom  takes  place  as  undisturbed  ice  accretion  from  below.  The 
initial  ice  structures  are  broken  by  one  water  movement  or  another,  are  carried  from  place  to 
place,  collide  and  leaf  up  on  one  another  and  fuse  together.  When  this  happens,  they  break  up 
again  and  once  more  fuse.  Sea  water,  which  freezes  in  turn  along  with  all  the  salts  found  in  it, 
splashes  on  the  ice  structures  which  arose,  thus  there  are  precipitates,  etc.  All  this  taken  to- 
gether creates  an  extremely  complex  picture  of  salinity  distribution  in  ice  vertically  and  spatially 
and  of  its  changes  with  respect  to  time. 

4.  The  age  of  the  ice.  The  older  the  ice,  the  lower  its  salinity  is.  This  is  explained  by  the 
constant  seepage  of  the  saline  solution  between  the  ice  crystals. 

The  vertical  distribution  of  salinity  in  ice,  according  to  Weyprecht's  determinations,  is 
given  below  (table  31). 

TABLE  31.  ICE  SALINITY  VS.  LAYER  DEPTH 
Depth  of  the  layer  in  cm  . . 0-5  5-14  14-19 

Salinity  in  o/oo  ....  . 25  13  12 


*Samoilenko,  in  1932,  determined  the  salinity  of  ice  formed  from  sea  water  with  a salinity  of 
33.64  o/oo  under  conditions  of  rest  and  artificial  mixing. 

In  spite  of  the  small  amounts  of  ice  obtained  (about  7 o/o  in  all,  the  experiments  were  not 
completed),  the  salinity  of  the  ice  formed  under  conditions  of  rest  was  19.3  o/oo  and  the  ice 
formed  during  mixing  was  about  23.8  o/oo. 
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The  great  difference  in  the  salinities  determined  by  Weyprecht  and  those  determined  by 
Malmgren  is  only  partially  explained  by  the  fact  that  Weyprecht's  sample  was  formed  in  more  sa- 
line water  and  at  a much  lower  air  temperature.  The  main  reason  is  that  Weyprecht  investigated 
his  ice  floe  only  60  hours  after  it  started  to  form,  while  Malmgren  made  his  investigations  in 
April  on  ice  which  had  begun  to  form  in  November. 

As  Libin  informed  me,  according  to  the  investigations  of  the  expedition,  by  airplane  N-169, 
of  an  ice  field  (79°54'  north,  140°  east  on  28  April  1941)  210  cm  thick,  which  was  one  and  a half 
years  old,  the  layer  salinity  (computed  with  respect  from  the  chlorine  content)  was  as  follows 
(table  32): 


TABLE  32.  THE  VERTICAL  DISTRIBUTION  OF  SALINITY  IN  OLD  ICE 
The  layer  from  the  surface  of  the  field  in  cm  . . 0 20  40  60  80  100 

The  salinity  in  o/oo 0.19  0.21  0.28  0.46  0.88  0.99 

From  these  data,  it  can  be  seen  how  extensively  the  upper  ice  layers  are  desalted  in  the 
course  of  time. 

5.  The  height  of  the  ice  above  sea  level.  The  higher  the  ice  rises  above  the  sea  surface, 
the  fresher  it  becomes,  which  is  explained  by  brine  seepage.  Therefore,  the  upper  part  of  the 
r?pzki  and  the  hummocks  are  almost  always  fresh,  and,  in  addition,  they  are  desalted  extremely 
rapidly,  especially  during  the  summer.* 

During  recent  years,  many  determinations  of  the  salinity  of  fast  ice  were  made  at  Soviet 
polar  stations.  Chernigovskii  presents  the  following  interesting  data:  The  salinity  of  the  upper  1.5 
cm  of  ice  which  had  formed  on  30  December  1931,  in  Matochkin  Shar  when  the  temperature  was 
39.9°  below  zero,  was  24. 1 o/oo.  The  maximum  salinity  of  young  ice  observed  in  1934  - 35  on 
Franz  Joseph  Land  was  25.02  o/oo. 

The  changes  of  salinity  at  all  ice  levels  is  not  great  during  the  winter  at  the  Kara  Sea 
stations.  By  the  end  of  April,  a decrease  in  the  salinity  of  the  upper  ice  layers  begins.  This  de- 
crease becomes  especially  great  when  there  is  an  increase  in  solar  radiation  and  when  the  air 
temperatures  are  positive.  During  this,  ice  desalting  takes  place  from  the  ice  surface  down  to 
100  cm.  However,  at  the  120  to  160  cm  level,  at  the  same  time,  the  salinity  also  increases 
somewhat. 
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Section  56.  Surface  Brine  and  Salt  Cell  Brine 

It  has  already  been  pointed  out  that  the  salinity  of  sea  ice  is  determined  by  surface  brine  and 
the  brine  in  salt  cells. 

Surface  brine  is  formed  from  frozen  sea  water  which  is  left  on  the  ice  formations  that  have 
floated  up  to  the  sea  surface,  and  from  the  brine  which  is  forced  out  of  salt  cells  and  upward  when 
their  temperature  decreases  and  the  corresponding  formation  of  ice  layers  in  them. 


•During  the  F.  F.  Bellingshausen  Antarctic  Expedition  on  the  ships  Vostok  and  Mirnyi 
(1818  to  1821).  chunks  of  sea  ice  were  hoisted  on  deck  to  obtain  fresh  water.  The  ice  somewhat 
melts,  sea  water  runs  off.  and  the  ice  becomes  fresh. 
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In  turn.  In  the  course  of  time,  when  there  is  a temperature  decrease,  surface  brine  partially 
forms  crystals  of  pure  ice  (due  to  this,  Its  concentration  gradually  Increases)  and  it  seeps 
downward. 

The  brine  on  the  surface  of  the  young  level  ice  formations  is  one  of  the  very  characteristic 
phenomena.  Since  brine  remains  in  a liquid  state  even  at  very  low  temperatures  the  surface  of 
young  ice  is  always  moist.  During  the  expedition  on  the  Vega,  Nordenskjold  observed  surface 
brine  containing  15.  7 o/oo  chlorides  and  which  remained  moist  for  a week  when  the  air  temperature 
reached  -32*. 

According  to  the  observations  of  the  expedition  on  the  ?<irya,  the  fresh  ice  on  the  polynyas 
which  had  closed  in  November  (when  the  air  temperature  was  about  -30°)  was  covered  with  a moist 
brine  during  the  first  days  of  its  existence,  making  sledging  difficult.  Sledging  over  the  brine  was 
just  as  difficult  as  over  sand. 

If  the  air  temperature  decreases  still  further,  the  entire  surface  brine  freezes,  turning  into 
cryohydrates  and  ice— a mixture  of  ice  crystals  and  salts.  During  this,  small  snow-white  bushes, 
called  ice  flowers,  " form  on  the  ice  surface.  These  flowers  resemble  heavy  frosts  on  grass. 
According  to  Weyprecht,  these  bushes,  which  are  sometimes  3-4  cm  high,  consist  of  thin  ice 
needles  carrying  the  separated  salts  on  the  ends  of  the  crystals. 

The  ice  flowers  are  very  brittle  formations,  and  are  easily  blown  off  by  the  wind,  turning  into 
fine  salt  dust.  This  dust  is  sometimes  carried  for  great  distances  before  it  again  falls  on  the 
surface  of  the  ice  along  with  the  snow. 

During  each  rise  in  temperature,  the  salt  crystals  turn  into  a solution  and  the  ice  surface 
again  becomes  moist. 

The  snow,  falling  on  the  surface  of  the  young  ice  moist  with  brine,  is  saturated  with  brine  to  a 
slight  height,  airing  this,  the  upper  snow  layers  do  not  undergo  any  changes  and  keep  the  brine  from 
freezing  during  low  air  tempteratures.  Thus,  surfacebrine  ispreserved  for  a long  time,  determining 
"ice  moisture.  " The  expedition  on  the  ~.j rya  observed  that  during  a frost  of  -20°,  movement  over 
freshly  fallen  snow  on  young  ice  left  clear,  wet  traces  of  a steel  gray  or  gray-yellow  color. 

When  there  is  a further  decrease  in  temperature,  the  mixture  of  snow  and  brine  soldifies  and 
forms  a thin,  non-transparent,  snow-white  and  very  salty  scum  2 to  3 cm  thick  on  the  ice  surface, 
which  differs  sharply  from  the  glass-like,  dull  and  semi-transparent  mass  of  ice. 

The  mass  of  the  snow  and  the  brine  frozen  together  forms  a rougher  surface  in  comparison 
with  the  surface  of  the  ice  which  had  solidified  without  snow,  and  especially  in  comparison  with  ice 
formed  in  the  fresh-water  reservoirs  on  Arctic  ice.  The  latter  is  usually  as  smooth  as  glass,  and 
snow  is  not  retained  on  it. 

It  has  already  been  pointed  out  that  the  salt  cells  which  are  surrounded  on  all  sides  by  pure 
ice  (figure  53),  as  the  ice  thickness  increases,  assume  the  greatest  importance  for  their  salinity. 

The  shape  of  these  cells  can  be  extremely  variable. 

As  Bruns  indicates,  an  understanding  of  sea  ice  structure  can  be  given  by  measuring  its 
electrical  conductivity.  Actually,  the  electrical  conductivity  of  pure  ice  varies  within  the  limits  of 
lout  to  10-12  reciprocal  ohms.  But  according  to  Bruns’  calculations,  the  electrical  conductivity 
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Figure  53.  Scheme  of  brine  distribution  in  sea  ice  according  to 
Bruns. 
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of  sea  water  brine  at  temperatures  of  -5°  to  10°  was  on  the  order  of  10  reciprocal  ohms.  If  the 
brine  is  enclosed  in  isolated  cells  surrounded  on  all  sides  by  pure  ice,  the  electrical  conductivity  of 
sea  ice  should  be  on  the  same  order  as  that  of  pure  ice;  but  if  the  brine  is  found  in  connecting  capil- 
laries, the  electrical  conductivity  should  approach  the  electrical  conductivity  of  brine.  The  electri- 
cal conductivity  of  a series  of  sea  ice  samples,  measured  by  Bruns,  proved  to  be  on  the  order  of 
10-3  to  10'5  reciprocal  ohms.  Furthermore,  the  behavior  of  the  temperature  coefficient  of  electri- 
cal conductivity  is  satisfactorily  explained  by  the  hypothesis  that  the  salts  in  sea  ice  participate  in 
conductivity.  According  to  Bruns,  this  shows  that  brine  saturates  like  a sponge  or  a log. 


In  all  probability,  sea  ice  has  both  separate  isolated  cells  containing  brine  and  interconnected 
capillaries  filled  with  brine.  During  the  winter  when  the  temperature  of  the  ice  falls,  the  first  pre- 
dominates, but  in  the  summer,  when  the  temperature  of  ice  rises,  the  second  predominates.  Evi- 
dently, brine  is  distributed  very  unequally  in  ice. 

During  a winter  spent  at  Cape  Zhelaniia,  Deriugin  conducted  many  hundreds  of  salinity  deter- 
minations of  the  ice  layers  which  had  grown  under  calm  conditions  (fast  ice)  and  which  had  not  under- 
gone any  movement  or  rafting  during  the  course  of  the  winter.  As  Deriugin  and  Bruns  indicate,  the 
salinity  of  a single  level  of  sea  ice  was  not  constant  during  these  tests  but  fluctuated  within  the 
limits  of  10  o/oo  (samples  consisted  of  300  to  500  cubic  cm). 

LITERATURE:  61,  62,  77,  177. 


Section  57.  The  Amount  of  Brine  in  Sea  Ice 

In  order  to  judge  what  amount  of  brine  can  be  found  in  sea  ice  of  a given  salinity,  let  us  re- 
member that  according  to  Ringer's  and  Hansen's  experiments,  there  is  a specific  freezing  temper- 
ature which  corresponds  to  each  salinity  (7,  table  5). 

Table  33  which  shows  the  salinity  of  sea  water  brine  ST  at  temperature  r , and  the  change  of 

dS 

this  salinity  during  a change  in  temperature,  was  computed  by  me  by  the  same  method  used  in 
composing  the  cited  table. 


It  follows  from  this  table  that  at  a temperature  of  -12°,  for  example,  the  salinity  of  the  brine 
in  the  sea  ice  cells  should  be  165  o/oo.  If  the  salinity  is  less,  the  ice  will  separate  out  of  the  brine, 
and  if  it  is  greater,  the  walls  of  the  cells  will  melt  somewhat  and  thus  the  concentration  of  the  brine 
will  decrease. 


Ll 
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TAHI.E  33.  THE  SALINITY  OF  SEA  WATER  RHINE  AT  DIFFER- 
ENT TEMPERATURES  AND  THE  CHANGE  IN  SA- 
LINITY DURING  CHANGES  IN  TEMPERATURE 


r - 

r 

ifr 

r * 

r 

r 

■ ! r 

d r 

- 0 

0 

13.  0 

-12 

165 

9.6 

- 1 

I!) 

13.5 

-13 

175 

9.5 

_ ■> 

37 

16.5 

-14 

134 

9.0 

- 

54 

15.0 

-15 

193 

9.0 

- 4 

63 

14.0 

-10 

202 

9.  0 

- 5 

32 

13.0 

-17 

211 

9.0 

- <> 

95 

13.0 

-13 

220 

3.5 

- 7 

103 

12.5 

-13 

229 

3.5 

- 8 

120 

12.0 

-20 

237 

3.0 

- \) 

132 

11.5 

-21 

245 

3.0 

-10 

144 

11.0 

-22 

25.3 

7.5 

-11 

1 55 

10.5 

-23 

260 

7.0 

Using  table  33,  R is  not  difficult  to  determine  what  amount  of  brine  and  what  amount  of  pure 
ice  is  contained  in  a given  amount  of  sea  Ice.  Actually,  In  m grams  of  sea  Ice,  we  have  ^,/IOOO 
K>n  of  salts,  whore  is  the  salinity  of  sea  Ice.  If  these  m grams  of  sea  ice  at  a certain  temper- 
ature r contain  n grams  of  brine,  and  the  salinity  equals  ,s’r,  we  then  have  • >’r  1000  g of  sail  In 
n grams  of  brine. 

Let  us  assume  that  the  total  amount  of  salts  in  sea  Ice  does  not  change  when  the  concentra- 
tion of  the  brine  changes  in  connection  with  a change  in  temperature.  Obviously,  then,  we  will 
always  have  the  equation 


whence 


rttSi  ftSl 
1000  1000  ' 

mS, 

" -=  o 


(i) 


(-•) 


II  follows  from  this  formula  that  1 g of  sea  Ice  of  salinity  at  a temperature  r.  contains 
. r g of  brine  and  (I  - .s',  /.s’l  g of  pure  Ice. 

The  results  of  mv  computations  according  to  table  33  and  formula  (3)  are  presented  in 
table  34 . 

As  can  Ih>  seen  from  the  table,  when  the  temperatures  and  salinities  of  sea  tee  are  high . the 
amount  of  brine  is  very  great.  It  Is  clear  that  this  cannot  help  having  an  effect  on  all  the  properties 
of  sea  Ice. 
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TABLE  34.  THK  AMOUNT  OF  BRINE  IN  GRAMS  IN  1 KCi  OF  SEA  ICE  HAVING 
niFFEHKNT  SALINITIES  AN1)  TEMPERATURE 


o 

o/oo 



_•» 

-4 

-(! 

-8 

-10 

-15 

-20 

-23 

•> 

54 

29 

21 

17 

14 

10 

8 

8 

4 . . . . 

108 

58 

42 

33 

27 

21 

17 

15 

ti  . . . . 

1(52 

87 

63 

50 

42 

31 

25 

23 

it  ...  . 

216 

in; 

84 

67 

56 

42 

34 

31 

10  . . . . 

270 

145 

105 

83 

69 

52 

42 

38 

15  ...  . 

405 

217 

158 

125 

104 

78 

63 

58 

In  using  formula  (2),  am)  table  34,  il  should  be  clearly  kept  in  mind  that  the  salinity  of  the 
brine  5 is  determined  only  by  the  temperature  of  the  ire,  and  that  the  salinity  of  the  ire  5 
depends  on  the  amount  of  brine  which  is  determined  by  the  number  and  size  of  its  cells. 


JTKRATURE:  52,  152,  104. 


Section  58.  Brine  Migration 

As  we  huve  seen,  sea  ice  consists  of  pure  crystals,  surrounding  more  or  less  equally  dis- 
tributed cells  filled  with  brine.  Since  the  ratio  of  the  main  elements  in  sea  water  of  various  salin- 
ities is  the  same,  the  concentration  of  the  brine  in  those  cells  should  be  the  same  at  each  given 
temperature,  depending  neither  on  the  salinity  of  the  water  from  which  the  ice  was  formed  nor  on  the 
general  salinity  of  the  ice. 

Actually,  we  mm  consider  each  brine  cell  as  being  a closed  vessel  in  which  the  processes  fol- 
low eutectic  laws  during  a change  in  temperature.  Thus,  with  each  decrease  in  the  temperature  of 
ice,  pure  ice  separates  from  the  brine  in  the  colls  and  salts  are  precipitated  in  the  sequence  estab- 
lished by  Kinger's  experiments  (Section  7).  With  each  rise  in  temperature,  the  ice  which  separated 
out  of  the  brine  during  a drop  in  temperatures  melts,  and  the  precipitated  salts  dissolve  in  the  brine. 
Other  conditions  being  equal  .the  salinity  of  the  water  from  which  the  ice  was  formed  affects  only 
the  volume  of  the  brine  Included  lit  the  brine  cells. 

However,  this  scheme  of  phenomena  is  considerably  complicated  by  the  fact  that  separation 
of  pure  ice  within  the  cells  completely  filled  with  brine  causes  a certain  Increase  In  the  volume  of 
the  cell.  Actually,  fresh  water  increases  its  volume  by  per  cent  on  freezing.  Thus,  when  the 
temperature  drops,  and  additional  ice  Is  separated  from  the  brine,  pressure  is  created  on  the  side 
walls  of  the  colls  which  deforms  the  latter  and  squeezes  brine  out  of  the  cells.  On  the  other  hand, 
with  each  Increase  in  temperature,  empty  spaces  are  formed  in  the  cells  which  draw  brine  into 
themselves  from  adjacent,  mainly  higher  cells  and  also  draw  air  from  the  atmosphere.  Therefore, 
processes  determining  many  of  the  properties  of  sea  ice  occur  constantly  In  sea  ice  due  to  the  effect 
of  temperature  changes . 

In  particular,  the  subsequent  formation  of  pressures  within  the  cells,  which  squeezes  the  brine 
out  of  them  and  formation  of  the  empty  spaces  which  draw  out  brine  from  the  adjacent  cells,  (their 
temperatures  are  related  to  the  changes  In  the  temperature  of  the  ice)  assist  a gradual  seepage  of 
the  brine  downward  and  a desulinlflcation  of  the  ice.  As  we  have  seen,  this  explains  the  decrease  in 
the  salinity  of  the  Ice  as  It  grows  older. 
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The  seepage  of  brine  through  Ice  in  the  course  of  time  is  caused  by  many  reasons.  In  this 
connection,  the  force  of  gravity  works  first  of  all  (inasmuch  as  the  density  of  brine  is  greater  than 
the  density  of  the  ice  and  the  water  under  the  ice).  The  force  of  gravity  in  the  narrow  capillaries  is 
somewhat  balanced  by  the  rise  of  the  level  in  them  due  to  surface  tension.  However,  inasmuch  as 
in  the  course  of  time  the  upper  parts  of  the  ice  rise  constantly  higher  above  sea  level  as  long  as  the 
ice  continues  to  grow,  and  inasmuch  as  the  size  of  the  capillaries  also  increase  with  the  course  of 
time,  finally  the  force  of  gravity,  especially  in  the  upper  ice  layers,  begins  to  overcome  the  molec- 
ular forces. 

Whitman  focused  attention  on  the  displacement  of  the  salt  dropiets  encased  in  ice  which  causes 
the  vertical  gradient  of  temperature  in  ice  by  its  presence. 

As  we  have  seen,  salt  cell  brine  concentration  is  determined  by  the  temperature  of  the  ice 
layer  in  which  a given  cell  is  located.  In  the  presence  of  a vertical  temperature  gradient,  the  brine 
concentration  will  be  higher  on  the  warmer  side  of  the  cell  and  it  will  be  lower  than  the  concentra- 
tions necessary  for  conditions  of  equilibrium  on  the  colder  side.  Hence  the  ice  will  melt  on  the 
warmer  side  of  the  cell  and  thus  lower  the  brine  concentration,  while  new  ice  will  be  formed  on  the 
colder  side,  and  thus  it  will  raise  the  brine  concentration.  As  a result  of  these  processes,  a drop 
of  brine  will  be  displaced  from  the  colder  ice  layers  to  the  warmer  ones  during  which  the  concen- 
tration of  the  brine  in  the  drop  will  decrease  simultaneously. 

Whitman  confirmed  his  reasoning  by  experiments  with  3.31  o/oo  concentrations  of  table  salt 
solutions,  artificially  frozen  in  special  cylindrical  test  tubes.  These  test  tubes  were  maintained  for 
some  time  at  constant  temperatures  at  both  their  upper  and  lower  ends  and  then  the  brine  concen- 
tration was  determined.  The  results,  as  an  average  of  five  experiments,  are  given  in  table  35. 

TABLE  35.  THE  CHANGE  IN  TABLE  SALT  CONTENT  WITH  A 
CHANGE  IN  TEMPERATURE  GRADIENT 


The  length  of  the  experiment  in  hours 5.5  6.5 

o 

The  temperature  in  the  upper  part  of  the  test  tube  in  C -2  -25 

The  temperature  in  the  lower  part  of  the  test  tube  in  C . -20  -4 

Table  salt  content  in  o/oo: 

in  the  upper  layer  3.88  1.86 

in  the  2nd  layer  3.19  1.92 

in  the  3rd  layer  3.19  2.69 

in  the  4th  layer  3.08  2.77 

in  the  bottom  layer 2.92  2.51 


It  is  seen  from  the  table  how  rapidly  the  displacement  of  the  brine  occurs. 

Very  low  temperatures  at  the  upper  ice  surface,  and  close  to  the  temperature  of  freezing  at 
the  lower  ice  surface  are  observed  in  sea  ice  during  the  winter.  Therefore,  the  phenomenon  noted 
by  Whitman  should  cause  energetic  drainage  of  the  brine  downward  during  the  winter.  During  the 
summer,  the  coldest  temperatures  are  found  in  the  middle  parts  of  the  ice  and  the  salt  drops  should 
therefore  move  up  and  down  (figure  54).  But  during  the  summer,  the  capillaries  and  cells  contain- 
ing the  brine  are  constantly  increased  in  size  at  the  ice  surface,  the  ice  becomes  very  porous,  and 
the  force  of  gravity  begins  to  play  a leading  role  in  brine  seepage.  Due  to  this,  the  ice  becomes 
only  slightly  salty. 
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Figure  54.  Scheme  of  brine  cell  migration  in  sea 
ice  during  the  summer  (left)  and  the 
winter  (right) . 


Malmgren  gives  an  observation  made  by  him  during  the  spring  of  1924  to  prove  the  ice  poros- 
ity and  the  brine  seepage  through  it.  A hole  about  one  meter  thick  was  dug  in  an  ice  field  on  which 
there  was  no  water.  On  the  following  day,  the  hole  proved  to  be  filled  with  brine  of  51. 0 o/oo  sa- 
linity, while  the  salinity  of  the  surrounding  sea  water  was  28  o/oo  and  the  salinity  of  the  ice  itself 
was  3 o/oo,  which  indicated  that  the  brine  had  seeped  from  the  surrounding  ice.  Savel'ev  observed 
a brine  salinity  of  72.  75  o/oo  with  a water  salinity  of  33.  75  o/oo  and  an  ice  salinity  of  3. 75  o/oo 
(at  the  30  to  40  cm  level)  on  Uedineniya  Island  in  1939. 


Captain  Sverdrup's  observations  in  the  regions  north  of  Spitsbergen  are  also  extremely  inter- 
esting. He  indicates  that  on  18  April  1895,  at  an  air  temperature  of  -23°,  he  saw  a drop  in  the 
shadow  under  a projecting  angle  of  a large  chunk  of  ice.  This  drop  was  as  salty  as  the  most  con- 
centrated brine.  Obviously,  this  drop  was  the  result  of  brine  seepage  through  the  ice  capillaries. 


Aside  from  a desalinification  of  the  upper  ice  layers  (of  the  hummocks  rising  above  the  level 
surface  of  ice)  the  descending  movement  of  brine  which  is  particularly  intense  during  summer 
causes  an  irregular  vertical  distribution  of  salinity.  During  this,  the  salinity  reaches  its  maximum 
concentrations  in  the  middle  parts  of  the  ice. 


Malmgren  summarized  his  numerous  observations  of  the  vertical  distribution  of  ice  salinity 
during  the  course  of  a year  in  a chart  (figure  55)  warning,  however,  that  this  chart  gives  only  a 


Figure  55.  Chart  of  the  changes  in  thickness 
and  salinity  of  sea  ice  over  a year. 
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qualitative  picture'  of  the  changes  in  salinity  and  ice  thickness  and  that  it  should  not  be  interpreted 
as  average  amounts  for  different  months.  It  is  clear  from  figure  55  what  gradual  changes  in  thick- 
ness and  salinity  the  ice  undergoes  up  to  the  moment  which  characterizes  these  elements  in  August 
of  the  following  year.  When  analyzing  the  curves  obtained  in  the  chart,  Malmgrcn  came  to  the 
following  conclusions: 

New  ice  has  the  greater  salinity  on  its  surface  the  more  rapidly  the  ice  formation  took  place; 
toward  the  bottom,  the  salinity  decreases  rapidly  at  first,  and  then  more  slowly;  near  the  lower  ice 
surface,  the  salinity  again  increases,  but,  in  ratio  to  the  growth  of  new  ice  layers  from  below,  the 
salinity  at  a given  point  decreases  to  normal.  During  the  winter,  the  ice  salinity  decreases  gradu- 
ally at  all  levels;  during  the  summer,  as  a result  of  melting,  the  salinity  of  the  surface  layers 
begins  to  decrease  rapidly  and  these  layers  become  almost  fresh.  A decrease  in  the  salinity  of  the 
lower  layers  occurs  simultaneously. 

One  more  conclusion  should  be  added  to  these:  during  the  seepage  of  cold  and  concentrated 
brine  downward  along  the  capillaries  and  the  gradual  rise  of  the  temperature  of  the  brine  during 
this,  there  is  also  a simultaneous  decrease  in  the  salinity  of  this  brine  due  to  the  melting  of  the  cap- 
illary walls  along  which  the  brine  flows.  The  latter  condition,  which  increases  the  diameter  of  the 
capillaries,  at  the  same  time  assists  in  the  destruction  of  the  already  weak  lower  parts  of  the  ice. 

LITERATURE:  62,  104,  139,  178. 


Secfion  59.  Composifion  of  the  Salts 

As  we  have  seen,  any  change  in  temperature  changes  the  amount  and  concentration  of  the 
brine  in  the  salt  cells  of  sea  ice. 

But  these  same  processes  also  change  the  composition  of  the  salts  in  sea  ice.  Actually,  it  is 
known  from  Ringer's  experiments  that  only  a slight  decrease  in  the  temperature  of  sea  water  below 
the  freezing  point  is  necessary  to  start  precipitation  of  calcium  carbonate  from  it,  and  when  the 
temperature  of  the  brine  is  decreased  below  -8.  2°,  sodium  sulphate  begins  to  precipitate  out.  It  is 
natural  that  at  corresponding  temperatures  these  salts  will  precipitate  on  the  walls  of  the  cells. 
Inasmuch  as  the  chlorides  in  sea  water  begin  to  precipitate  only  at  temperatures  lower  than  -23° 
these  salts  are  preserved  for  a very  long  time  in  the  brine  of  the  cells  and  graudally  seep  downward, 
decreasing  the  salinity  of  the  ice  in  the  course  of  time. 

Thus,  we  should  observe  a deficiency  of  the  carbonates  and  sulphates,  which  had  deposited  on 
the  walls  of  the  cells,  in  the  melt  water  of  sea  ice,  and  a deficiency  of  the  chlorides  which  had 
seeped  into  the  water  along  with  the  brine. 

Investigations  of  the  ice  in  the  Barents  Sea,  conducted  by  Laktionov  in  1929,  have  led  to  the 
results  (average)  shown  in  table  36. 


Table  37  shows  (according  to  some  of  Laktionov's  analyses)  the  vertical  distribution  of  the 
separate  components  in  sea  ice. 
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TABLE  36.  THE  CHEMICAL  CHARACTERISTICS  OF 
SEA  ICE  AS  A FUNCTION  OF  ITS  AGE 


The  Age  of  the  Ice 

Cl  o/oo 

1 

S03:C1 

A-.Cl 

Number  of 

Observations 

Many  years  old  . . 

0.  006 

0.4067 

105.633 

6 

One  year  old  . . . . 

0.404 

0.1197 

1.723 

19 

Spring  

0.  731 

0.1187 

0.  980 

4 

Cl  o/oo  is  the  chlorine  content;  S03:C1  is  the  ratio  of  the  sulphate  ion  content 
to  the  chlorine  content;  A;C1  is  the  ratio  of  the  alkaline  content  to  the  chlorine 
content. 


TABLE  37.  THE  VERTICAL  DISTRIBUTION  OF  THE 
SEPARATE  COMPONENTS  IN  SEA  ICE 


Depth  of  the  sample 

from  the  surface  in  cm  0-5  20-35  45-50  65-70  80-85 

S03:C1  0.1067  0.1134  0.1176  0.1185  0.1198 

A:CI  1.2597  1.2648  1.0370  1.0774  0.9331 


From  the  given  data,  and  also  from  other  investigations  we  can  see  the  following: 

1.  The  ratio  SOgtCl,  as  a rule,  is  considerably  higher  in  sea  ice  than  the  same  ratio  in 
normal  sea  water  (0. 1159).  In  individual  instances,  this  ratio  can  also  be  considerably  higher. 
Thus,  Hamberg  notes  a case  when  the  S03:C1  ratio  attained  a value  of  0. 574,  i.  e. , it  was  five 
times  greater  than  normal. 

2.  The  S03.-C1  ratio  increases  as  a rule  with  the  age  of  ice.  (This  is  explained  by  the  fact 
that,  as  had  already  been  pointed  out,  the  chlorides  precipitate  from  the  solution  with  greater  dif- 
ficulty, and  because  of  this,  they  seep  out  of  the  cells  along  with  the  brine  more  rapidly  than  the 
sulphates  which  are  partially  deposited  upon  the  walls  of  the  cells  (in  the  form  of  solid  salts). 

3.  The  S03:C1  ratio  is  generally  lower  in  the  upper  layers  than  in  the  lower  (which  is  ex- 
plained by  the  fact  that  with  each  rise  in  the  temperature  of  the  ice  above  -8.2°,  the  sulphates 
again  dissolve  in  the  brine  and  begin  to  seep  into  the  lower  layers  of  the  ice,  and  then  into  the 
water).* 

As  for  the  ratio  of  alkaline  to  chlorine  content,  the  first  research  into  this  question  evidently 
belongs  to  Laktionov,  who,  aside  from  observations  of  natural  ice,  also  conducted  the  same  kind 
of  investigations  along  with  Kirilenko,  under  laboratory  conditions. 


♦Sverdrup's  and  Malmgren’s  conclusions  from  the  results  of  the  expedition  on  the  are  i 

some  opposition  to  these  conclusions.  These  conclusions  are  obtained  from  the  comparisons  of 
chlorine  content,  determined  by  ordinary  titration  of  water  obtained  by  melting  sea  ice,  with  the 
chlorine  content  computed  according  to  specific  gravity  (determined  by  a lydrometer,  fully  im- 
mersed). Nansen  also  notes  that  according  to  his  observations,  the  ratio  of  the  chlorides  to  the 
sulphate  in  under-ice  water  is  lower  than  normal.  Further  research  is  necessary  to  solve  this 
contradiction. 
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It  follows  from  the  observations  that: 


4.  The  carbonate  content  in  sea  Ice  is  almost  constant,  increasing  only  slightly  with  the 
depth  of  the  ice  layer  which  is  explained  by  the  fact  that  the  carbonates  precipitate  out  of  sea  water 
and  settle  upon  the  cell  walls  almost  simultaneously  with  the  beginning  of  ice  formation. 

5.  Inasmuch  as  the  chloride  content  in  sea  ice  changes  very  much  (decreasing  along  with  the 
age  and  condition  of  the  ice),  the  ratio  A:C1  can  fluctuate  within  considerable  limits,  attaining  its 
maximum  in  many-year  old  ice. 

Thus,  direct  measurements  of  the  salt  composition  of  sea  ice  support  the  selective  character 
of  the  ice  formation  process  established  by  Ringer,  and  the  correctness  of  Petterson's  and  Ringer’s 
conclusions  that  during  ice  formation,  a certain  excess  of  chlorides  should  be  observed  in  the  sea 
water  from  which  the  ice  had  separated,  and,  conversely,  water  in  which  the  ice  had  melted  should 
show  an  excess  of  sulphates  and  above  all,  carbonates. 

Therefore,  waters  of  arctic  and  antarctic  origin  (i.e. , where  intensive  ice  formation  occurs) 
obviously  should  be  outstanding  due  to  a lower  alkaline  coefficient. 

Determinations  of  the  alkalinity  of  the  surface  waters  in  the  northern  part  of  the  Kara  Sea, 
conducted  by  Chigirin  during  the  expedition  on  the  Sad  ho  in  1935  have  shown  that  the  alkaline  co- 
efficient decreases  with  the  increase  in  the  salinity,  as  can  be  seen  from  table  38. 

TABLE  38.  THE  ALKALINE  COEFFICIENT  IN  THE  WATERS 
OF  THE  NORTHERN  PART  OF  THE  KARA  SEA 

So/oo  ....  29-30  30-31  31-32  32-33 

(A:S)  104...  755  694  691  688 

LITERATURE:  62,  95,  104,  166. 


Section  60.  Specific  Heat 

Otto  Petterson  was  the  first  to  direct  attention  to  the  fact  that  the  heat  of  fusion  and  thermal 
expansion  of  sea  ice  discloses  anomalies  in  comparison  with  the  same  properties  of  fresh  water  ice. 

Thus,  in  studying  the  heat  of  fusion  of  artificially  prepared  sea  ice  within  the  temperature  of 
limits  of  -6°  to  -9°,  Petterson  obtained  the  heat  of  fusion  of  60.5  g-cal,  for  ice  of  20  o/oo,  and  the 
heat  of  fusion  of  49.5  g-cal  for  ice  of  40  o/oo  salinity.  In  Petterson's  experiments,  very  salty  ice 
continued  to  increase  in  volume  during  a decrease  in  temperature. 

In  analyzing  Petterson's  experiments,  Krummel  arrived  at  the  conclusion  that  the  abnormal 
thermal  expansion  of  sea  icc  should  be  ascribed  to  the  brine  contained  in  the  ice.  If  the  tempera- 
ture of  sea  ice  is  lowered,  pure  ice  would  separate  from  the  brine  contained  in  the  cells,  which  is 
related  to  the  great  Increase  In  volume.  This  increase  in  volume  in  the  presence  of  great  amounts 
of  brine  exceeds  the  natural  increase  in  volume  during  a decrease  in  temperature. 

Malmgren  confirmed  the  correctness  of  Krummel's  hypothesis  by  his  investigations  during 
the  expedition  on  the  .V:  . (1922  to  1924).  Additionally,  he  was  the  first  to  point  out  that  the  high 

specific  heat  of  sea  ice  near  the  freezing  temperature  is  created  by  the  fact  that  at  temperatures 
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somewhat  lower  than  the  temperature  of  freezing,  even  a slight  change  in  temperature  causes  con- 
siderable changes  in  the  amount  of  pure  ice  per  unit  of  volume. 

fn  his  investigations,  Malmgren  supposed  that  sea  ice  consists  of  pure  ice  into  which  are  em- 
bedded more  or  less  equally  isolated  cells  of  brine.  The  brine  in  these  cells  follows  the  eutectic 
law:  a certain  amount  of  ice  melts  from  the  walls  of  the  salt  cells  with  each  rise  in  the  brine  tem- 
perature; conversely,  with  each  decrease  in  temperature,  a certain  additional  amount  of  ice  pre- 
cipitates on  the  walls  of  the  cells. 

Further,  Malmgren  indicated  that  with  each  change  of  ice  temperature,  a number  of  proc- 
esses occur  which  affect  the  properties  of  sea  ice  in  one  way  or  another. 

Thus,  with  a decrease  in  temperature: 

1.  Volume  of  ice  increases  and  its  temperature  falls; 

2.  A certain  additional  amount  of  ice  separates  from  the  brine  cell  which  is  accompanied  by 
a great  release  of  heat  and  a great  increase  in  the  volume; 

3.  The  temperature  of  the  brine  decreases  and  its  volume  changes; 

4.  All  sorts  of  thermo-chemical  processes  occur  in  the  brine  itself  which  are  related  to  the 
change  in  the  volume  and  temperature. 

In  deriving  his  theoretical  formulas,  Malmgren  assumed  that  the  effect  of  the  thermic  and 
volumetric  changes  in  the  brine  of  sea  ice  (inasmuch  as  there  is  little  brine  in  ice),  is  so  insignif- 
icant in  comparison  with  the  effect  of  the  same  changes  in  pure  ice,  that  it  could  be  neglected. 

Proceeding  from  the  same  suppositions  as  Malmgren,  let  us  derive  the  necessary  formulas 
by  a method  which  in  my  opinion,  is  simpler. 


Specific  heat  is  based  on  1 g of  matter  and  1°  of  temperature.  Remembering  that  1 g of  sea 

S ■ S' 

ice  has  (1  ) grams  of  pure  ice  and  -r1-  grams  of  brine  and  neglecting  the  effect  of  thermal  chem- 

ical  processes,  we  may  write: 

C,=Ci(1“|-)+f’|-+^  Tr( 

where  cT  is  the  specific  heat  of  sea  ice, 
c j is  the  specific  heat  of  pure  ice, 
cs  is  the  specific  heat  of  brine, 

Si  is  the  salinity  of  sea  ice, 

ST  is  the  salinity  of  brine  at  a temperature  r, 

KT  is  the  heat  of  fusion  at  a temperature  r (the  meaning  of  this  amount  will  be  explained 
below) , 

d - S i/3  T) /dT  -Si/S  j x iSr/dT  is  the  change  in  the  amount  of  pure  ice  in  1 g of  sea  ice 
during  a change  of  1°  in  its  temperature. 
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Inasmuch  as  the  amount  of  brine  in  sea  ice  is  not  great,  then  from  formula  (1)  we  obtained 
approximately 

fT  = fi  + xt  4-^r-.  (2) 


It  follows  from  formula  (2)  that  the  specific  heat  of  sea  ice  consists  of  the  specific  heat  of 
pure  ice  and  corrections  for  salinity.  This  correction  is  greater  the  greater  the  salinity  of  sea  ice 
and  the  lower  the  salinity  of  the  brine.  The  salinity  of  the  brine  is  less  the  higher  the  temperature 
of  sea  ice. 

Formula  (2)  includes:  C — the  specific  heat  of  pure  ice  and  \T  — the  heat  of  fusion  of  pure 
ice  at  a temperature  of  sea  ice  equal  to  r. 

Dickens  and  Osborne  gave  the  following  formula  for  the  specific  heat  of  pure  ice  at 
temperatures  of  -2°  to  -40°: 

Ci  = 0.5057  + 0.001863 1.  <3> 


They  also  showed  that  between  0°  and  -2°  the  specific  heat  of  pure  ice  increases  very  much 
and  at  -0.  06°,  it  reach  1. 73.  This  indicates  that  some  internal  molecular  changes  occur  in  pure 
ice  near  the  freezing  temperature.  Phenomena  of  the  same  type  should,  of  course,  also  occur  in 
sea  ice. 

As  for  the  melting  temperature  \T  included  in  formula  (2),  it  is  necessary  to  turn  attention  to 
the  fact  that  formation  and  melting  of  additional  pure  ice  occurs  in  the  brine  of  the  cells  at  the 
temperature  of  the  sea  ice  itself,  1.  e. , at  very  low  temperatures.  Because  of  this,  we  need  to  use 
Pearson's  formula  here  which  was  checked  by  Petterson,  namely: 

Xt=80+0.5t,  (4> 

where  80  is  the  heat  of  fusion  of  pure  ice  at  0°, 
r is  the  temperature  of  sea  ice, 

0.  5 is  the  difference  in  the  specific  heat  of  water  and  ice. 

This  formula  is  based  on  the  consideration  that  in  order  to  form  ice,  the  temperature  of  the 
brine  should  at  first  be  mentally  raised  to  the  freezing  temperature  of  pure  water,  then  the  melting 
point  of  pure  ice  should  be  subtracted  from  it,  and  then  the  temperature  of  the  formed  ice  should 
be  lowered  to  the  initial  temperature  of  the  brine. 

The  other  values  entering  formula  (2),  namely:  salinity'  of  the  brine  CT  at  a given  tempera- 
ture of  the  brine  t , and  the  changes  in  the  salinity  with  a change  in  the  temperature  IS-/ -fT  are 
obtained  from  table  33. 

Table  39  gives  the  specific  heat  of  sea  ice  at  different  temperatures,  and  salinity  computed 
by  Malmgrcn. 

As  it  follow's  from  this  table,  the  specific  heat  of  sea  ice  at  high  temperatures  and  high 
salinities  of  the  ice  can  reach  large  values.  Thus,  for  instance,  when  r = -2°  and  cf  = 15  o/oo  the 
specific  heat  of  sea  ice  equals  1G.01  g-cal.  Such  high  specific  heat  is  explained  by  the  fact  that  with 
a 1°  change  in  temperature,  formation  or  melting  of  considerable  amounts  of  (Hire  ice  with  the 
accompanying  release  and  absorption  of  the  heat  of  fusion,  occurs  in  the  salt  cells. 
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TABLE  39.  SPECIFIC  HEAT  OF  SEA  ICE  IN  G-CAL*  AT  DIFFERENT 
TEMPERATURES  AND  SALINITIES 


V o 

r 

S o/oo 

-2 

-4 

-6 

-8 

-10 

-12 

-14 

-16 

-18 

-20 

-22 

0 . . . 

0.48 

0.48 

0.48 

0.48 

0.48 

0.47 

0.47 

0.47 

0.47 

0.46 

0.46 

2 . . . 

2.57 

1.00 

0.73 

0.63 

0.57 

0.55 

0.54 

0.53 

0.53 

0.52 

0.52 

4 . . . 

4.63 

1.50 

0.96 

0.76 

0.64 

0.59 

0.57 

0.57 

0.56 

0.55 

0.54 

6 , . . 

6.70 

1.99 

1.20 

0.88 

0.71 

0.64 

0.61 

0.60 

0.58 

0.57 

0.56 

8 . . . 

8.76 

2.49 

1.43 

1.01 

0.78 

0.68 

0.64 

0.64 

0.61 

0.60 

0.58 

10  . . . 

10.83 

2.99 

1.66 

1.14 

0.85 

0.73 

0.68 

0.67 

0.64 

0.62 

0.60 

15  . . . 

16.01 

4.24 

2.24 

1.46 

1.02 

0.85 

0.77 

0.76 

0.71 

0.68 

0.65 

Thus,  the  concepts  of  specific  heat  and  heat  of  fusion  are  inseparable  from  each  other  for 
sea  ice. 

LITERATURE:  13,  52,  62,  73,  104,  158,  166. 

Section  61.  Heat  Expended  in  Melting 

Heat  of  fusion  is  understood  to  mean  the  amount  of  heat  which  must  be  transferred  (on  the 
conditions  of  stable  temperature)  to  a unit  mass  of  matter  in  order  to  change  it  from  a solid  state 
to  a liquid. 

However,  as  Malmgren  first  pointed  out,  in  dealing  with  the  sea  ice,  in  the  cells  of  which 
there  is  a constant  and  gradual  melting  of  pure  ice  during  a rise  of  temperature,  it  is  possible  to 
speak  not  of  the  heat  of  fusion,  but  rather  of  the  number  of  gram  calories  necessary  to  melt  1 g of 
sea  ice  having  an  initial  temperature  r. 

Let  S j be  the  salinity  of  sea  ice,  and  rg  be  the  freezing  temperature  of  sea  water  of  5 sa- 
linity. The  amount  of  heat  U necessary  to  melt  one  gram  of  sea  ice,  whose  initial  temperature 
is  r.  will  be  the  sum  of: 


1.  The  heat  necessary  to  melt  the  pure  ice  contained  in  one  gram  of  sea  ice,  i.e. , 


where  80  is  the  heat  of  fusion  of  pure  ice,  (;' -s  ,/sT)  is  the  number  of  grams  of  pure  ice  contained 
in  1 g of  sea  ice  of  S salinity  at  temperature  r . 


2.  The  heat  necessary  to  raise  the  temperature  of  pure  ice**  from  r to  t s that  is 
approximately 

0.5  (ts  — t)  g-cal 

where  0.5  is  the  specific  heat  of  pure  ice. 


*The  heat  of  fusion  of  pure  ice  equals  79.67  g-cal  but  it  is  sufficient  to  use  a round  number 
in  approximate  computations. 

**One  may  neglect  the  amount  of  heat  necessary  to  change  the  temperature  of  the  brine. 
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(1) 


U-,  =80  ( 1 - |i-)  +0.5  (tj  — t ). 

By  formula  (1)  Malgrem  computed  the  table  for  the  number  of  g-cal  necessary  to  melt  1 g of 
sea  ice  having  different  salinities  and  having  temperatures  equaling  - 1°  and  - 2°  at  the  starting 
moment.  These  computations  are  continued  for  the  lower  temperatures  (table  40). 

TABLE  40.  THE  NUMBER  OF  G-CAL  NECESSARY  TO  MELT  1 G OF  SEA  ICE 


r° 

5 o/oo 

0 

2 

4 

6 

8 

10 

15 

- 1 ...  . 

80 

72 

64 

55 

47 

38 

17 

- 2 ...  . 

81 

77 

72 

68 

64 

59 

47 

- 5 ...  . 

83 

80 

78 

77 

74 

72 

67 

-10  ...  . 

85 

84 

84 

81 

80 

79 

76 

-20  ...  . 

90 

89 

89 

88 

87 

86 

84 

This  table  shows  the  basic  difference  between  fresh  and  sea  ice.  Fresh  ice  demands  a great 
number  of  calories  at  the  exact  moment  of  its  formation  or  melting,  and  a low  number  of  calories 
for  changing  its  temperatures.  Sea  ice,  on  the  contrary,  demands  a great  number  of  calories  for 
changing  its  temperature  and  a low  number  at  the  exact  moment  of  its  melting.  Thus,  for  instance, 
80  g-cal  are  needed  to  melt  one  g of  pure  ice,  and  2.  5 g-cal  to  raise  its  temperature  from  - 5°  to 
- 2',  In  order  to  melt  one  g of  sea  ice  of  15  o/oo  salinity,  only  17  g-cal  are  needed,  but  in  order 
to  raise  the  temperature  of  this  ice  from  - 5°  to  - 2°,  it  is  necessary  to  expend  20  g-cal.  This 
is  explained  by  the  fact  that  fresh  ice  is  formed  at  a constant  freezing  temperature,  and  with  further 
variations  only  its  temperature  changes.  The  process  of  forming  sea  ice  continues  steadily  as  long 
as  its  temperature  decreases.  With  changes  in  its  temperature,  constant  melting  alternates  with 
ice  formation  and  vice  versa. 

With  the  start  of  the  intensified  rise  in  spring  temperature,  the  internal  melting  of  sea  ice 
becomes  constantly  more  intensive  and  at  the  moment  of  its  decomposition,  sea  ice  represents  a, 
so  to  say,  mass  destroyed  from  within  ("rotten  ice"),  still  preserving  at  times  its  external  form 
but  easily  destroyed  by  a slight  warming  or  mechanical  action.  This  explains  the  occasional  ex- 
tremely rapid  disappearance  of  great  masses  of  ice  in  the  southern  parts  of  the  arctic  basin  during 
the  course  of  a polar  summer,  which  creates  the  impression  of  "melting  before  one's  eyes." 

LITERATURE:  52,  62,  73,  104. 

Section  62.  The  Coexistence  of  Water  and  Ice 

In  investigating  the  question  of  equilibrium  of  the  ice-water  system,  let  us  make  the  following 
simplifying  assumptions: 


1.  The  masses  of  water  and  ice  participitating  in  the  process  are  limited  and  protected  from 
the  action  of  the  atmosphere  so  that  all  changes  that  occur  in  the  water  or  in  the  ice  are  conditioned 
exclusively  by  their  interactions. 
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2.  The  water  mass  mixes  constantly,  so  that  It  Is  always  homogeneous  In  temperature  and 
salinity. 

With  such  assumptions,  the  following  characteristic  instances  may  occur: 

1.  The  ice  placed  In  water  melts  either  partially  or  wholly  due  to  the  heat  reserve  in  the 
water,  as  a result  of  which,  the  water  becomes  cool,  and,  if  the  salinity  of  the  ice  is  lower  than 
the  salinity  of  the  water,  it  becomes  fresh. 

2.  Ice  placed  in  water  increases  the  freezing  due  to  the  supply  of  cold  in  the  ice  itself,  and 
the  salinity  of  sea  water  is  somewhat  raised  due  to  the  formation  of  an  additional  mass  of  ice 
(again  under  the  usual  condition  that  the  salinity  of  the  ice  is  lower  than  the  salinity  of  the  water) . 

3.  Ice  placed  in  water  neither  melts  nor  freezes. 

Thus,  when  water  and  ice  come  in  contact,  thermic  and  saline  interactions  generally  occur, 
for  determining  which,  (assuming  the  existence  of  both  water  and  ice),  I use  the  following 
formulas: 


For  thermic  interactions: 

Mcw(tw  — x) +(AT  — n)c,(f,  — T) + nc,(f,  — 0°)  + nca{  0°  — t)  = Xn, 

where  M is  the  initial  mass  of  water, 

N is  the  initial  mass  of  ice, 

is  the  mass  of  ice  which  had  melted  or  accreted  upon  contact  with  the  water, 

is  the  specific  heat  of  the  water, 

is  the  specific  heat  capacity  of  the  ice, 

tw  is  the  initial  temperature  of  the  water, 

* j is  the  initial  temperature  of  the  ice, 

is  the  final  temperature  of  the  water  equal  to  its  freezing  point, 

is  the  heat  of  fusion. 

By  means  of  a corresponding  transpositions  obtained  from  formula  (1): 

Mcn,(tv — T)+Nc,(f, — t) 

*+(cw-c,)t 

It  follows  from  formula  (2)  that  when  n =0,  i.e. , on  the  condition  that  the  ice  placed  in 
water  neither  melts  nor  freezes,  the  following  equation  should  hold. 


> M 

is 

N 

is 

n 

is 

cw 

is 

ci 

is 

tW 

is 

*i 

is 

T 

is 

\ 

is 

(1) 


N0=-Af„^ 


t— r 


(2) 


(3) 


155 


It  is  clear  that  if  the  mass  of  ice  placed  in  a given  mass  of  water  comes  out  greater  accord- 
ing to  formula  (3),  then,  us  a result  of  interaction  of  water  and  ice,  accretion  occurs,  but  if  less, 
melting  of  ice  occurs. 


If  we  examine  the  extreme  possible  case  in  the  coexistence  of  water  and  ice,  namely,  that 
the  ice  placed  in  water  melts  completely,  i.e. , .V  = n,  then  we  obtain  from  formula  (2) 


N = Mcu, 


(4) 


It  is  natural  that  the  limit  of  the  mass  of  ice  which  c:m  be  melted  by  a given  mass  of  water  is 
governed  by  the  condition  that  by  the  end  of  the  process  the  temperature  of  the  water  decreases  to 
the  freezing  temperature  and  therefore  the  entire  reserve  of  heat  found  in  the  water  is  used  up. 

The  following  formulas  serve  in  saline  interactions: 

MSw+nS,  = (Af-f  ti)S,  (5) 

where  Sw  is  the  initial  salinity  of  seawater, 


5 . is  the  salinity  of  the  ice, 

is  the  final  salinity  of  the  water. 
From  formula  (5)  we  obtained 


fef  <6> 

It  is  clear  that  if  the  final  salinity  of  the  water  is  lower  than  the  initial  salinity  (under  the 
condition  that  the  salinity  of  the  ice  is  less  than  the  water),  then  melting  occurs,  and  if  it  is 
greater — freezing  occurs. 

There  is  some  interest  in  treating  more  completely  the  factors  which  condition  the  coexist- 
ence of  water  and  ice  without  changes  in  their  masses.  It  is  not  difficult  to  see  that  coexistence 
can  occur  only  under  the  following  conditions: 

1.  The  temperature  of  the  water  and  ice  are  the  same  ;ind  equal  to  the  freezing  temperature 
of  the  water  in  which  the  ice  floats.  From  this  condition  it  follows  that 

/„.  = /,  = ' 

But  the  freezing  temperature  and  the  salinity  of  sea  water,  as  we  have  seen  in  Section  5,  :ire 
related  by  the  formula 

t=  —0.054  Sw. 

Inasmuch  as  in  the  investigated  case  there  are  no  reasons  which  cause  melting  or  freezing, 
there  are  also  no  reasons  for  changing  the  initial  salinity  of  seawater,  i.e. , we  should  have  the 
equation  _ _ ^ 

— Or. 

The  investigated  case  is  an  example  of  thermic  (due  to  the  equality  of  temperature,  there  is 
no  heat  exchange  between  water  ;uid  ice)  and  dynamic  (no  change  in  the  mass  of  the  water  and  ice) 
equilibrium. 
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2.  The  temperatures  of  water  and  ice  differ  from  each  other,  but  the  temperature  and  mass 
of  the  water  and  ice  are  in  such  a ratio  that  the  reserve  of  "heat"  in  the  water  is  exactly  equal  to  the 
reserve  of  "cold”  in  the  ice.  Such  an  interrelation  is  characterized  by  formula  (3). 

Inasmuch  as  in  the  investigated  case  there  is  no  melting  or  freezing,  then,  as  in  the  pre- 
ceeding  case,  we  have 


Thus,  in  the  second  case,  we  have  dynamic  equilibrium  (there  is  neither  melting  nor  freezing),  but 
there  is  no  thermal  equilibrium.  Heat  exchange  between  water  and  ice  continues  until  the  temper- 
ature of  the  water  and  the  ice  become  the  same  and  become  equal  to  the  temperature  of  freezing. 

The  discussions  which  have  been  given  and  the  formulas,  permit  the  solution  of  many  ques- 
tions connected  with  the  interaction  of  water  and  ice.  I shall  give  several  examples. 

Let  us  assume  that  cw  = 1.0,  ct  - 0.5  and  A = 80  g-cah  With  such  assumptions,  we  find 
that  one  (metric)  ton  of  sea  water,  the  salinity  of  which  equals  35.00  o/oo  and  the  temperature  30 
at  the  initial  moment,  melts  399  kilograms  of  fresh  ice,  the  temperature  of  which  equals  0 , in 
which  case  the  sea  water  is  diluted  to  25.02  o/oo  by  mixing  with  the  melted  water  and  is  cooled  to 
the  temperature  of  freezing,  i.e.,  to  - 1.35  . 

With  the  same  assumptions,  one  ton  of  sea  water,  the  salinity  of  which  equals  35.00  o/oo  at 
the  initial  moment  but  the  temperature  of  which  equals  0°,  melts  23  kg  of  fresh  ice,  the  tempera- 
ture of  which  is  also  0°,  in  which  case  the  salinity  of  the  water  decreases  to  34.21  o/oo  by  mixing 
with  the  melted  water,  and  the  temperature  decreases  to  - 1.35°. 

On  the  same  assumptions,  during  interaction  of  one  ton  of  sea  water  {Sw  = 35.00  o/oo, 
t..  = 0°)  and  one  ton  of  ice  (S<=  0 o/oo,  t£  = 0°),  35  kg  of  ice  are  melted,  in  which  case  the  salinity  of 
the  water  decreases  to  33.81  o/oo  and  the  temperature  of  the  water  and  the  remaining  965  kg  of  ice 
decreases  to  - 1.83°. 

It  should  be  pointed  that  the  first  example  characterizes  the  condition  which  occurs  when  an 
iceberg  is  carried  into  the  warm  and  salty  waters  of  the  Gulf  Stream;  the  second  and  third  examples 
are  conditions  existing  at  high  polar  latitudes.  The  difference  in  the  end  results  of  the  first  and 
second  examples  is  explained  by  the  difference  in  the  initial  temperatures  of  the  water.  In  the 
second  and  third  examples,  with  equal  initial  temperatures  and  salinities  of  water  and  ice,  the  final 
temperatures  and  salinities  are  determined  exclusively  by  the  ratio  of  the  masses  of  water  and  ice 
which  come  in  contact.  The  final  temperatures  are  extremely  close  to  each  other  and  actually  dif- 
fer within  the  limits  of  exactness  of  the  conducted  observations  whereas  the  salinity  differs  very 
much.  The  fact  that  the  surface  arctic  waters  (see  Section  146)  are  outstanding  in  their  very  large 
vertical  gradients  of  salinity  and  very  small  vertical  gradients  of  temperature  (the  temperature 
throughout  is  very  close  to  the  freezing  temperature)  is  partially  explained  by  this.  This  same  fact 
is  convincing  proof  that  the  surface  arctic  waters  are  finally  formed  not  as  a result  of  vertical 
winter  circulation  and  not  as  a result  of  mixing  with  other  waters,  but  as  a result  of  melting.  Ac- 
tually, when  there  is  vertical  winter  circulation,  we  always  find  complete  homogeneity  of  the  upper 
layers  both  in  temperature  (equal  to  the  temperature  of  freezing  under  ice  formation  condition)  and 
in  salinity.  When  water  and  ice  coexist,  we  always  meet  with  temperatures  close  to  the  tempera- 
tures of  freezing,  but  the  salinities  of  the  upper  layers  can  differ  sharply. 

Let  us  imagine  a cylindrical  iceberg  consisting  of  horizontal  layers,  and  having  a vertical 
axis;  the  salinity  of  the  layers  is  the  same  and  the  temperature  decreases  with  height.  After  the 
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conclusion  of  the  water  aiui  ice  interaction,  the  underwater  part  of  the  iceberg  assumes  the  form  of 
a truncated  cone  with  its  hase  at  the  bottom  (this  phenomenon  partially  explains  the  creation  of 
pod  a ops*  and  a vertical  gradient  of  salinity  1h  created  in  the  water  (due  to  the  action  of  toni|K>rature 
differences).  lad  us  now  assume  that  the  underwater  part  of  the  hummock  is  a cone  with  its  point 
down  and  that  the  hummock  is  floating  In  water  of  uniform  temperature  and  salinity.  When  the  pro- 
cess is  concluded,  the  conical  form  of  the  underwater  jmrt  of  the  hummock  will  be  preserved,  the 
temperature  will  decrease  to  the  temperature  of  freezing,  and  the  salinity  will  again  prove  to  bo 
lower  In  the  upper  layers  than  in  the  deeper  ones  (due  to  the  action  of  the  masses). 

In  the  examples  Investigated  alamo,  we  have  assumed  that  the  temperature  of  the  Ice  is  0". 
Actually,  even  during  the  summer,  it  is  somewhat  lower  than  the  freezing  temperature  of  the  water 
in  which  the  Ice  is  floating.  As  a result  of  this,  the  underwater  part  of  the  ice  melts  chiefly  be- 
cause of  the  heat  accumulated  by  the  water  during  the  summer  in  a given  region  or  from  that  ac- 
cumulated in  more  southerly  regions.  Inasmuch  as,  according  to  formula  (»i)  (other  condlf  ons  being 
equal)  the  mass  of  the  melted  ice  is  directly  proportional  to  the  mass  of  the  water  In  contact  with 
the  ice.  it  is  natural  that  the  melting  of  the  part  of  the  ice  which  projects  beneath  the  level  surface 
of  the  Ice  field  occurs  with  particular  intensity  If  the  water  and  the  ice  arc  in  motion.  This  hap- 
pens. for  instance,  when  there  are  sea  currents  under  fast  ice,  or  during  wind  drift  of  ice.  Such 
erosion  of  the  lower  projecting  parts  of  the  ice  has  been  noted  by  many  observers  and  lias  a deci- 
sive importance  in  tsostatic  phenomena  (see  Section  103),  particularly  in  destroying  hummocks  and 
creating  level  fields  (Section  49).  This  same  phenomenon  explains  the  rapid  waste  of  separate 
floating  ice  floes  during  the  summer  In  high  seas. 
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Section  63.  Thermal  Expansion 

For  pure  ice  the  cocfficint  of  volumetric  thermal  expansion  luis  an  average  value  of  many 
measurements 

P = - 0. (XX)  165, 

and  therefore,  the  linear  coefficient  of  expansion  is 

a = ~J-  - - 0.000055, 

where  u Is  the  volume,  f is  the  length,  i is  the  temperature. 

In  deriving  the  formula  for  tho  thermal  expansion  of  soa  lee  with  the  same  assumptions  as 
when  deriving  the  formula  for  tho  specific  heat  of  sea  lco,  Malmgren  considered  that  tho  coeffi- 
cient for  tho  expansion  of  soa  ice  Is  equal  to  the  coofflctont  of  expansion  of  pure  ice  plus  the  cor- 
rection for  change  in  volume  depending  upon  the  formation  or  molting  of  an  additional  layer  of  Ice  In 
connection  with  a change  in  temporature. 

Thus,  In  accordance  with  Mulnigron's  assumptions  wo  obtain 

P d I . 

' “ 0.92  Y dx  ( 1 

where  ur  is  the  coefficient  of  thermal  expansion  related  to 


one  gram  ami  one  degree. 


nn  underwater  projection  of  ice. 


ir.H 


0.  92  is  the  mass  In  grams  of  1 cubic  cm  of  pure  Ice  (density), 

> is  the  increase  in  volume  when  1 g of  pure  water  freezes, 

® (1  ~ ,<’i  /^T  ) /8ris  the  additional  amount  of  pure  ice  separated  from  1 g of  sea  ice  when  it 
Is  cooled  by  1°. 

But 

± I , Si  \ s,  OS , 

dr  \ S , Or  ■ 


Assuming  that  0:  0.92  = 0.000169  and 0.091,  Malmgren  concludes 

ur  = 0.000169  — 0.091  % (2) 

dr 

where  the  coefficient  of  expansion  is  not  related  to  the  unit  of  volume  as  is  ordinarily  done  but  to 
the  unit  of  mass. 


The  first  member  of  the  right-hand  side  of  formula  (2)  is  the  coefficient  of  expansion  of  pure 
ice.  tho  second  member  is  the  correction  for  salinity. 

Table  41  is  computed  according  to  Malmgren's  formula  (2). 


TABLE  41.  THE  COEFFICIENT  OF  VOLUMETRIC  EXPANSION  OF  1 G OF  SEA  ICE  OF 
VARIOUS  TEMPERATURES  AND  SALINITIES.  THE  COEFFICIENT  IS 
MULTIPLIED  BY  104 


r ° 

5 o/oo\^ 

_2 

-4 

-6 

-8 

-10 

-12 

-14 

-16 

-18 

-20 

-22 

o _ 

- 22. 10 

- 4.12 

- 1.06 

+0. 16 

+0.83 

+1.13 

+1 . 23 

+1.27 

+1 . 33 

+1.38 

+1.44 

4 . 

- 45.89 

- 9.92 

- 3.81 

-1.37 

-0.02 

+0.56 

+0.  78 

+0.85 

+0.96 

+1.07 

+1.18 

6 . 

- 69.67 

-15.73 

- 6.  55 

-2.90 

-0.88 

0.00 

+0.33 

+0.43 

+0.60 

+0.76 

+0.93 

8 . 

- 93.46 

-21.53 

- 9.30 

-4.43 

-1.73 

-0.  57 

-0.13 

+0.02 

+0.23 

+0.45 

+0.67 

10  . . . 

-117.25 

-27.34 

-12.05 

-5.95 

-2.59 

-1.13 

-0.  59 

-0.40 

-0.13 

+0.15 

-0.42 

15.  . . 

-176.72 

-42.85 

-18.92 

-9.78 

-4. 73 

-2.54 

-1.72 

-1.45 

-1.04 

-0.63 

-0.22 

As  yet,  one  more  fundamental  difference  between  sea  and  fresh  ice  Is  apparent  from  formula 
(2)  which  had  been  checked  empirically  by  Malmgren:  fresh  Ice  expands  wtth  a rise  in  temperature; 
sea  Ice,  when  it  has  low  temperatures  and  slight  salinities  and  at  the  same  time  the  correction  of 
the  coefficient  of  expansion  for  salinity  is  not  great,  also  expands  with  a rise  in  temperature,  but 
expansion  Is  less  than  fresh  ice.  At  high  temperatures  and  great  salinities,  the  amount  of  the  cor- 
rection for  salinity  increases  so  much  that  the  coefficient  of  volumetric  expansion  becomes  nega- 
tive, l.e. , the  volume  of  the  Ice  increases  with  a drop  in  temperature.  Table  42  shows  the  change 
(in  m)  of  the  length  of  1 km  of  ice  of  different  temperatures  and  salinities  with  a 1°  rise  in 
temperature. 
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TABLE  42.  CHANGES  IN  THE  LENGTH  OF  1 KM  OF  ICE  IN  M 
WITH  A 1°  KISE  IN  TEMPERATURE 


Salinity  of  Ice  in 
o/oo 

Temperature  in  Degrees  C 

Coefficient  of 
Linear  Expansion 

Change  in  the 
length  of  Ice 

0 

-20 

* 0.000055 

0.055 

10 

-20 

* 0. 0000047 

0.0047 

10 

- 4 

-0.000911 

-0.901 

Malmgren  conducted  direct  determinations  of  this  coefficient  in  a specially  constructed  ap- 
paratus simultaneously  with  a computation  of  the  coefficient  of  expansion.  Furthermore,  he  com- 
pared his  data  with  data  of  Petterson.  Petterson  had  conducted  his  experiments  very  carefully  with 
artificially  prepared  sea  ice.  It  developed  that  all  the  results  are  in  good  agreement.  This  proves 
first  of  all  the  correctness  of  Malmgrcn's  reasoning  and  secondly  the  fact  that  air  bubbles  within 
sea  ice  play  a secondary  role  in  the  thermal  expansion  of  ice.  The  latter  follows  from  the  agree- 
ment of  the  data  obtained  by  Petterson  when  investigating  artificially  prepared  sea  ice  devoid  of 
any  air  bubbles  with  Malmgren’s  observations  of  natural  ice  which  contained  air  bubbles. 


LITERATURE:  52,  53,  62,  73,  104. 


Secfion  64.  Thermal  Conductivity 

The  coefficient  of  thermal  conductivity  of  pure  ice,  devoid  of  air  bubbles,  as  an  average  of 
the  data  of  many  investigators,  is  given  by 


it  = 0.  00540  g-cal/sec  • deg  x cm 


wherein,  according  to  Lis,  it  decreases  somewhat  (approximately  0.00001  per  1°)  with  a decrease 
in  temperature. 


Malmgren  determined  the  thermal  conductivity  of  sea  ice  using  both  direct  and  indirect  meth- 
ods for  this  purpose. 


On  the  basis  of  his  indirect  computations  for  the  coefficient  of  thermal  conductivity,  Malmgren 
gives  a chart  (figure  56)  which  represents  the  average  changes  of  the  thermal  conductivity  as 
a function  of  the  depth  of  the  ice  level;  Malmgren  shows  that  the  rapid  decrease  in  the  coefficient  of 
thermal  conductivity  when  approaching  the  upper  layers  of  the  ice  is  explained  by  the  presence  of  a 
multitude  of  small  air  bubbles  in  these  layers.  At  a great  distance  from  the  surface,  the  thermal 
conductivity  of  sea  ice  approaches  the  thermal  conductivity  of  pure  ice  containing  no  air  bubbles. 


As  Chernigovskii  indicates,  according  to  his  computations  which  were  conducted  by  the  same 
method  as  Malmgren’s  computations,  the  thermal  conductivity  of  fast  ice  on  the  Kara  Sea  increased 
from  winter  to  summer  and  from  the  upper  surface  of  the  ice  to  the  lower.  Thus,  at  0 cm  level, 
it  was  about  0.001,  and  at  the  150  cm  layer  it  was  about  0.0044. 
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THERMAL  CONDUCTIVITY 


Figure  56.  The  thermal  conductivity  of  sea  ice 
according  to  Malmgren,  as  deter- 
mined by  observations  from  October 
1922  to  August  1923  ( — ),  and  from 
November  1923  to  May  1924  ( — ). 


Considering  the  coefficient  of  thermal  conductivity  of  pure  ice  as  being  0. 0054  and  neglecting 
the  thermal  conductivity  of  the  air  bubbles , I have  computed  the  coefficients  of  thermal  conduc- 
tivity and  temperature  conductivity  of  pure  ice  with  varying  densities  (table  43). 


TABLE  43.  THE  COEFFICIENTS  OF  THERMAL  CONDUCTIVITY  AND  TEMPERATURE 
CONDUCTIVITY  OF  ICE  AS  A FUNCTION  OF  ITS  DENSITY  (MULTIPLIED 
BY  104) 


Density  of  Ice 0.92  0.90  0.88  0.86  0.84 

Thermal  Conductivity 54  53  52  50  49 

Temperature  Conductivity 117  118  118  117  117 


The  values  in  table  43  considerably  exceed  the  thermal  conductivity  values  obtained  by 
Malmgren  by  the  indirect  method.  However,  it  should  be  remembered  that  the  thermal  conduc- 
tivity of  sea  ice  is  determined  not  only  by  the  thermal  conductivity  of  pure  ice  and  the  amount  of 
air  bubbles  within  the  ice,  but  also  by  the  amount  of  brine  contained  in  the  cells. 

During  this,  it  is  necessary  to  take  into  consideration  the  molecular  thermal  conductivity  of 
brine  since  the  turbulence  processes  in  the  brine  cells  and  the  capillaries  have  no  place  here. 

The  molecular  thermal  conductivity  of  pure  water  at  0°  is  14  x 10"4  g-cals/sec  deg  cm,  for 
water  with  salinity  of  40  o/oo  at  the  same  temperature,  it  is  about  13  x 10-4  g-cal/sec/cm,  i.  e. , 
approximately  four  times  less  than  the  thermal  conductivity  of  pure  ice.  Therefore  it  is  clear 
that  the  saltier  and  more  porous  the  ice,  the  less  its  thermal  conductivity. 

As  for  the  thermal  conductivity  of  snow,  Abel's  careful  investigations  have  shown  that  it  de- 
pends on  the  density  of  the  snow  and  is  expressed  by  the  formula 

K = 0. 00676  f, 

where  6S  is  the  density  of  snow. 

The  thermal  conductivity  coefficients  of  snow  at  different  densities  computed  according  to 
this  formula  are  shown  on  table  44. 
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TABLE  44.  THE  THERMAL  CONDUCTIVITY  OF  SNOW  AS  A FUNCTION 
OF  ITS  DENSITY  (MULTIPLIED  BY  104) 

Density  of  snow  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

Thermal  conductivity  . . 1 3 6 11  18  24  33  43  54 

As  we  see  with  high  snow  densities,  thermal  conductivity  computed  according  to  Abel's  for- 
mula is  very  close  to  the  thermal  conductivity  of  ice  determined  by  direct  measurements. 

The  coefficients  of  temperature  conductivity  and  thermal  conductivity  are  related  to  each 
other  by  the  formula 


where  i is  the  coefficient  of  temperature  conductivity, 
ft  is  the  coefficient  of  thermal  conductivity, 
c is  the  specific  heat, 

6 is  the  density. 

For  water,  the  turbulent  coefficients  of  temperature  conductivity  and  thermal  conductivity, 
determined  generally  very  approximately,  can  in  practice  be  considered  equal  to  each  other 
numerically  (not  in  size)  since  both  the  specific  heat  and  the  density  of  sea  water  are  very  near  to 
unity. 


For  pure  ice  it  can  be  seen  from  table  43  that  the  coefficient  of  temperature  conductivity  is 
numerically  more  than  twice  the  coefficient  of  thermal  conductivity.  For  sea  ice,  the  coefficient 
of  temperature  conductivity  depends  to  a great  extent  on  an  extremely  changing  specific  heat. 

LITERATURE:  1,  62,  73,  104. 

Section  65.  Density  as  a Function  of  Temperature  and  Salinity 

As  we  have  seen,  natural  ice  is  not  a homogenous  body,  but  a porous  one,  the  cells  and  capil- 
laries of  which  are  filled  with  brine,  silt,  and  air.  Some  of  these  cells  are  completely  isolated 
from  each  other,  others  communicate  freely  both  with  each  other  and  with  the  external  water  and 
air.  This  condition  makes  the  concept  of  density  when  applied  to  natural  ice  extremely  conditional. 
In  any  case  when  we  speak  of  the  density  of  ice,  we  must  relate  this  concept  to  sufficiently  large 
volumes  of  it  in  order  to  obtain  an  average  value. 

The  density  of  pure  ice  which  has  no  air  bubbles  at  0°  equals  0.9176  g/cm3.  Therefore,  its 
specific  volume  is  equal  to  1.0898  cm3  /gram.  Inasmuch  as  the  specific  volume  of  pure  water  at 
0°  is  equal  to  1.00013,  consequently,  during  ice  formation,  the  specific  volume  increases  approxi- 
mately 9 per  cent. 

During  changes  in  temperature,  the  density  of  pure  ice  changes  insignificantly.  Actually,  the 
coefficient  of  volumetric  thermo-expansion  of  pure  ice  within  the  temperature  limits  of  0°  to  -20° 
is  approximately 
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0 = 0.000165. 


Thus  the  density  of  pure  ice  which  has  no  air  bubbles  would  be  given  by 

, = io 

' 1 +0.000165/  ’ 

where  fi  t is  the  density  of  pure  ice  at  a temperature  t, 

60  is  the  density  of  pure  ice  at  a temperature  of  0°. 

The  density  of  sea  ice  depends  on  its  temperature,  salinity,  and  porosity. 


When  computing  the  density  of  sea  ice  as  a function  of  its  temperature  and  salinity,  let  us 
remember  that  according  to  Section  57,  1 g of  sea  water  contains  ( j g of  brine  and  (l  -^L  J g of 
pure  ice,  where  5 , is  the  salinity  of  sea  ice,  S7  is  the  salinity  of  the  brine  in  the  cells. 

Hence,  the  volume  of  1 g of  sea  ice  with  the  salinity  of  S , and  temperature  r,  expressed  in 
cubic  centimeters,  or  in  other  words,  its  specific  volume,  will  equal 


Vs- 


Si 

s. 


(2) 


where  6sr  is  the  density  of  the  brine,  the  salinity  of  which  is  equal  to  ST  at  temperature  r. 

ft  is  clear  that,  knowing  the  specific  volume  of  sea  ice,  it  is  not  difficult  to  compute  the 
density  as  the  reciprocal  of  the  specific  volume,  according  to  the  formula 


Let  us  make  the  following  assumption  for  computing  this  amount  6sr 


(3) 


It  is  known  that  the  density  of  sea  water  is  related  to  its  temperature  and  salinity  by  a very 
complex  relationship,  but  for  approximate  computations,  density  vs.  salinity  cun  be  expressed  by 
the  following  simple  formula 


Ss,  = S0I  + 0.0008  S. 


(•») 


where  6(,r  is  the  density  of  pure  water  at  temperature  r , 

&sr  is  the  density  of  sea  water,  the  salinity  of  which  is  5 and  temnerature  r . 

Keeping  in  mind  that  the  density  of  supercooled  water  is  approximately  equal  to  unity,  and 
expanding  formula  (4),  to  the  low  temperatures  and  high  concentrations  of  brine,  we  can  compute 
the  density  of  brine  according  to  formula  (5) 

6 = 1.000  + 0.008  5 . (5) 

ST  T 

Table  45  shows  the  results  of  my  computations  according  to  formulas  (l)  ;uid  (4),  and 
table  46,  the  results  of  computations  according  to  formula  (3)  and  table  45. 
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TABLE  45.  THE  DENSITY  OF  PURE  ICE  60t  SUPERCOOLED  WATER  6 , 
AND  SALT-CELL  BRINE  6ST  AT  DIFFERENT  TEMPERATURES 


r ° 

<5 

or 

6 

S T 

- 2 

0.918 

37 

0.99972 

1.030 

- 4 

0.918 

69 

0.99945 

1.055 

- 6 

0.918 

95 

0.99912 

1.076 

- 8 

0.919 

120 

0.99869 

1.096 

-10 

0.919 

144 

0.99815 

1.115 

-15 

0.920 

193 

0.99815 

1.154 

-20 

0.921 

237 

_ 

1.190 

-23 

0.921 

260 

- 

1.208 

When  examining  table  46,  we  see  that  the  density  of  sea  ice  which  has  no  air  bubbles  in  con- 
nection with  a change  in  its  temperature  and  salinity  changes  comparatively  little,  but  it  discloses 
a characteristic  property,  namely,  when  the  temperature  of  sea  ice  changes,  its  density  crosses 
the  minimum.  This  phenomenon  is  completely  within  the  law. 


TABLE  46.  THE  DENSITY  OF  SEA  ICE  AT  DIFFERENT  TEMPERATURES 
AND  SALINITIES  AND  WITHOUT  AIR  BUBBLES 


T° 

-2 

-4 

-6 

-8 

-10 

-15 

-20 

-23 

2 ...  . 

0.924 

0.922 

0.920 

0.921 

0.921 

0.922 

0.923 

0.923 

4 . . . . 

0.927 

0.925 

0.924 

0.923 

0.923 

0.923 

0.925 

0.925 

6 . . . . 

0.932 

0.928 

0.926 

0.926 

0.926 

0.925 

0.926 

0.  926 

8 . . . . 

0.936 

0.932 

0.929 

0.928 

0.928 

0.928 

0.929 

0.929 

10  ...  . 

0.939 

0.935 

0.931 

0.929 

0.929 

0.929 

0.930 

0.930 

15  ...  . 

0.953 

0.944 

0.939 

0.937 

0.935 

0.934 

0.935 

0.935 

I 


Actually  we  have  seen  in  Section  63  that  the  coefficient  of  the  volumetric  expansion  of  1 g of 
sea  ice,  according  to  Malmgren,  is  determined  by  the  approximate  formula 


u-.  =0.000169  — 0.091  % 

sf  (61 

The  first  number  on  the  right  side  of  this  equation,  according  to  Malmgren,  is  the  coefficient 
of  the  thermal  expansion  of  l g of  pure  ice.  The  second  is  the  correction  for  salinity  which  char- 
acterizes the  change  in  volume  as  a result  of  the  formation  or  melting  of  a certain  amount  of  pure 
ice  in  the  brine  cells  during  the  change  of  temperature. 


In  formula  (6),  the  fundamental  difference  between  sea  ice  and  fresh  ice  becomes  apparent. 
The  density  of  fresh  ice  increases  with  a decrease  of  temperature.  The  density  of  sea  ice,  when 
it  has  low  salinity  and  a low  temperature,  also  increases  with  a decrease  in  temperature,  although 
to  a lesser  extent  than  the  density  of  pure  ice.  But  at  high  salinities  and  comparatively  high  tem- 
peratures, the  density  of  sea  ice  decreases  with  the  decrease  in  temperature.  Therefore,  the 
concept  introduced  by  me  for  minimum  density  of  sea  ice  as  a function  of  temperature  and  salinity 
is  based  upon  this.  I have  made  use  of  Malmgren’s  formula  (6)  for  the  corresponding  computations 
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Actually,  if  the  coefficient  of  thermal  expansion  changes  sign,  then  obviously,  the  minimum 
density  would  occur  when  that  coefficient  would  equal  0.  Thus,  from  formula  (6)  we  obtain 

0.000169  = 0.091^^, 

S?  dr  • (7 

where  is  the  salinity  of  sea  ice, 

S T is  the  salinity  of  the  brine  in  the  salt  ceil  at  temperature  t, 

t 

I >s  the  change  of  the  salinity  with  temperature  changes. 

6t 

6 s 

As  we  have  seen,  the  values  and  determine  the  temperature  of  sea  ice.  Therefore 

using  formula  (7)  it  is  not  difficult  to  compute  such  a temperature  6’  for  any  salinity  of  sea  ice  at 
which  the  density  of  sea  ice  will  be  a minimum  (table  47). 


TABLE  47.  THE  MINIMUM  DENSITY  TEMPERATURE  OF  SEA 
ICE  OF  DIFFERENT  SALINITIES 


s . 

1 

e’ 

s . 

1 

0' 

0 

0.0* 

9 

-16.0° 

1 

- 5.1 

10 

-17.6 

2 

- 7.5 

11 

-18.5 

3 

- 9.3 

12 

-19.3 

4 

-10.7 

13 

-20.1 

5 

-12.0 

14 

-20.8 

6 

-13.2 

15 

-21.4 

7 

-14.4 

16 

-22.0 

8 

-15.5 

17 

-22.6 

Nevertheless,  it  should  be  pointed  out  that  the  figures  in  this  table  are  more  of  a theoretical 
interest,  inasmuch  as  the  changes  in  the  density  of  sea  ice  in  connection  with  the  change  in  its 
temperature  as  we  have  seen  are  comparatively  slight. 

LITERATURE:  44,  62,  77. 

Section  66.  Density  as  a Function  of  Porosity 

The  ratio  between  the  volume  of  air  or  gas  bubbles  found  in  ice  to  the  total  volume  of  ice  is 
called  the  porosity  of  ice  and  is  expressed  in  percentage.  Arnold- Aliabev  calls  the  following 
value  the  coefficient  of  porosity. 


where  n is  the  porosity  of  ice 

6 Q is  the  density  of  ice  devoid  of  air  bubbles. 

The  bubbles  in  sea  ice  can  be  of  different  origin  and  form.  A part  of  the  bubbles  forms  as 
a result  of  the  separation  of  gases  dissolved  in  water  which  had  not  succeeded  in  leaving  the  cells 
between  the  crystals  of  ice  during  ice  formation.  As  has  been  confirmed  by  experiments  with  arti- 
ficial freezing,  the  amount  of  these  bubbles  is  proportional  to  the  saturation  of  the  water  with  gases 
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at  the  initial  moment  and  is  inversely  proportional  to  the  speed  of  ice  formation.  In  fresh  ice 
formed  under  calm  conditions  these  bubbles  in  most  cases  are  very  elongated  and  thread-like,  with 
a certain  thickening  in  the  upper  part.  The  diameter  of  such  thread-like  bubbles  equals  several 
tenths  of  a mm  and  the  length  1 to  2 cm.  More  rarely,  such  bubbles  have  a round  or  pear-like 
form. 

Another  group  of  bubbles  forms  as  a result  of  gases  that  have  separated  from  the  water  and 
bottom  sedimentation  and  have  floated  up  to  the  underside  of  the  ice.  Primarily,  these  are  flat- 
tened convex  bubbles  10  cm  and  more  in  diameter.  Particularly,  great  accumulations  of  such 
bubbles  are  found  in  the  ice  that  had  formed  over  areas  where  an  intensive  decomposition  of  organic 
matter  occurs  on  the  bottom  with  a consequent  separation  of  gases.  In  shallows,  the  amount  of 
these  gases  is  sometimes  so  great  that  they  form  hollows  the  size  of  a fist  and  make  the  lower 
surface  of  the  ice  uneven.  * 


Still  another  group  of  bubbles  in  sea  ice  results  when  algae  frozen  into  the  ice  continue  to 
produce  gases  in  the  form  of  tiny  bubbles. 

Finally,  air  bubbles  form  due  to  the  replacement  of  brine  with  air  which  had  seeped  out  of 
the  sea  ice  in  the  course  of  time.  These  bubbles  ordinarily  form  chains  stretched  out  in  a vertical 
direction.  The  hist  group  of  air  bubbles  has  the  greatest  significance  for  sea  ice  in  open  seas. 


Let  us  assume  that  the  brine  had  completely  seeped  out  of  the  salt  cells  and  had  been  re- 
placed with  air.  Such  an  assumption  is  completely  possible  for  the  above-water  parts  of  ice,  es- 
pecially for  the  upper  parts  of  hummocks.  In  Section  6f>  we  have  seen  that  the  volume  of  1 g of  sea 
ice  is 


V. 


(1) 


where  the  first  member  on  the  right  side  represents  the  volume  occupied  by  the  brine  and  the  sec- 
ond represents  the  volume  occupied  by  pure  ice. 


On  the  assumptions  made,  ;uid  with  the  porosity  of  ice  defined  as  the  ratio  of  the  volume  oc- 
cupied by  the  bubbles  of  air  to  the  datal  volume  of  ice,  expressed  in  percentage,  we  obtain 


n 


ii.  100 

St  8s,  • V'jt 


Table  48  is  computed  according  to  formula  (2). 


(2) 


This  table  makes  clear  the  importance  of  a rise  in  air  temperature  and  the  corresponding 
warming  of  the  above  water  parts  of  ice.  The  brine  cells  in  this  case  increase  their  volume  con- 
siderably, the  br  ible  to  drain  down,  and  as  a result,  porosity  increases  greatly. 


According  ( ns'  measurements  in  September  1934,  the  sea  ice  of  the  Barents  Sea  some- 
times contained  i io  13  per  cent  gas  by  volume.  The  results  of  an  luialysis  of  the  composition  of 
the  gases  in  the  bubbles  are  shown  in  table  49. 


*In  the  Laptev  strait,  Ermolaev  has  observed  a vigorous  separation  of  methane  rising  from  the 
bottom  of  the  ice  and  burning  above  the  surface  of  the  frozen  sea  with  a bluish  flame. 
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TABLE  48.  THE  POROSITY  OF  ICE  (IN  PERCENTAGE  OF  VOLUME)  WHEN  THE 
SALT  CELLS  ARE  REPLACED  WITH  AIR 


\ T° 

-2 

-4 

-6 

-8 

-10 

-15 

-20 

-23 

S o/oo 

2 ...  . 

4.9 

2.5 

1.8 

1.4 

1.  1 

0.8 

0.6 

0.6 

4 ...  . 

9.9 

5. 1 

3.6 

2.8 

2.3 

1.7 

1.3 

1.2 

6 ...  . 

14.9 

7.7 

5.5 

4.2 

3.4 

2.6 

1.9 

1.8 

8 ...  . 

20.0 

10.3 

7.3 

5.7 

4.6 

3.4 

2.6 

2.3 

10  ...  . 

25. 1 

12.9 

9.2 

7.  1 

5.8 

4.3 

3.3 

2.9 

15  ...  . 

38.2 

19.5 

13.9 

10.7 

8.7 

6.3 

5.0 

4.4 

TABLE  49.  GAS  CONTENT  OF  THE  SEA  ICE  OF  THE  BARENTS  SEA 
(IN  PERCENTAGE  OF  VOLUME) 


Number  of  Tests 

co2 

°2 

N2  + Rare  Gases 

Ar  + Heavy  Gases 

°2:N2 

1 

- 

18.3 

81.7 

0.917 

0.  224 

2 

0.6 

15.9 

83.5 

0.905 

0.  190 

3 

0.5 

16.5 

83.0 

0.884 

0.  187 

4 

0.6 

18.0 

81.4 

0.944 

0.  223 

Average 

0.4 

17.2 

82.4 

0.912 

0.  209 

The  ratio  of  the  oxygen  and  nitrogen  content  which  saturates  sea  water  at  all  temperatures 
and  salinities  is  approximately  0.5;  the  same  ratio  in  air  is  approximately  0.264.  The  total  con- 
tent of  oxygen  and  nitrogen  which  will  saturate  sea  water  of  various  salinities  at  freezing  tem- 
perature fluctuates  w.thin  the  limits  of  2.2  to  2.9  per  cent  by  volume.  Therefore,  it  should  be 
concluded  that  the  hollows  in  the  sea  ice  are  mainly  filled  with  the  air  of  the  atmosphere,  where- 
upon the  amount  of  oxygen  in  it  is  lowered  and  the  amount  of  carbon  dioxide  is  raised,  * in  all  prob- 
ability by  the  respiration  of  organisms  contained  in  sea  ice  and  by  oxidation  processes. 

As  the  investigations  of  Deriugin  and  Bruns  indicated,  the  distribution  of  the  gases  even  in 
ice  formed  under  calm  conditions  is  extremely  nonuniform  and  the  least  porosity  is  observed  in 
the  middle  part  of  the  ice. 

According  to  the  investigations  of  Arnold-Aliabev,  the  air  content  within  the  ice  of  the  Gulf 
of  Finland  fluctuates  within  the  limits  of  4 per  cent  by  volume,  whereas  in  the  ice  of  the  Barents 
Sea,  the  air  contained  8 per  cent  and  higher.  The  distribution  of  air  bubbles  in  the  separate  pieces 
of  ice  is  very  uneven  as  can  be  seen  from  figure  57. 

An  exception  to  the  indicated  rule,  is  old  ice  which  during  the  course  of  its  existence  had 
undergone  strong  compression  which  had  gradually  forced  the  brine  and  particularly  the  air  bub- 
bles out  of  the  ice  and  had  turned  such  ice  into  a solid  monolithic  mass. 


*Bruns  indicates  that  the  amount  of  carbon  dioxide  is  evidently  still  greater  inasmuch  as  a 
part  of  the  carbon  dioxide  dissolves  in  water  when  the  air  bubbles  are  freed  from  melting  ice. 
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Figure  57.  Isolines  of  air  bubble  content  in  a cm3/kg  in  the  upper 
layer  of  an  ice  floe  in  the  Gulf  of  Finland . 

Sometimes  the  amount  of  air  in  the  ice  is  expressed  in  cubic  cm  per  kg  of  ice.  Piotrovich 
made  interesting  observations  of  air  content  in  the  ice  of  the  Chuckchee  Sea  during  the  voyage  of  the 

Krasin  in  1935. 

In  the  very  thin  discs  (about  2 cm)  of  young  ice,  the  air  content  fluctuated  within  the  limits  of 
3.7  to  12  cm3 /kg.  In  the  same  ice  10  cm  thick,  the  amount  of  air  increased  to  31.  0 cm3 /kg.  Blue 
ice  proved  to  contain  considerably  more  air  (from  55  to  130  cm3/kg)  than  did  the  greenish  (from  9 
to  102  cm3 /kg),  the  yellowish  (about  24  cm3 /kg)  and  snow  (firn)  ice  (about  66  cm3 /kg).  On  the 
other  hand,  the  air  bubbles  in  blue  ice  differed  by  their  small  size  (up  to  1 to  2 mm)  whereas  the 
size  of  the  rounded  bubbles  in  greenish  ice  attained  2 to  3 cm,  according  to  Piotrovich's 
observations. 

According  to  Savelev’s  observations  of  fast  ice  near  Uedineniya  Island  conducted  February 
through  May,  1939,  the  porosity  of  ice  increases  from  February  to  May  and  is  always  greater  at 
the  upper  and  lower  surface  of  the  ice  than  in  the  middle  parts. 

Its  values  at  the  following  levels  in  May  were:  10  cm  - 35.0,  80  cm  - 8.0  and  170  cm  - 44.0 
cm3 /kg. 

The  data  presented  and  discussions  indicate  that  the  hollows  determining  the  porosity  of  sea 
ice  are  explained  first  of  all  by  the  fact  that  the  upper  layers  of  the  ice  are  formed  from  snow,  and 
second  by  the  fact  that  the  brine  draining  from  the  cells  and  capillaries  is  replaced  with  atmos- 
pheric air. 

The  origin  of  air  bubbles  in  snow  and  glacial  ice  is  somewhat  different.  In  firn  ice  which 
forms  from  long-lying  snow,  air  occupies  30  to  50  per  cent  of  the  volume.  In  the  course  of  time 
with  a gradual  transformation  of  firn  ice,  the  air  bubbles  are  partially  forced  out  into  the  atmos- 
phere through  the  tiny  cracks  and  canals  and  are  partially  compressed  and  preserved  under  pres- 
sure. This  pressure  has  been  indicated  by  the  research  of  the  Koch  and  Wegener  Expedition  in 
Greenland  in  1912  - 1913,  and  in  separate  instances  can  reach  10  to  12  atmospheres. 

Barnes  expressed  the  thought  that  by  investigating  the  air  enclosed  in  the  ice  of  icebergs,  it 
is  possible  to  judge  the  composition  of  the  atmosphere  at  the  time  when  the  formation  of  a given 
ice  glacier  occurred.  The  conducted  investigations  of  the  air  in  the  bubbles,  however,  did  not 
disclose  any  differences  from  the  contemporary  composition  of  the  atmosphere. 
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The  air  concent  fluctuated  from  7 to  15  per  cent  in  the  icebergs  investigated  by  Barnes  near 
Newfoundland,  and,  as  an  average,  was  about  10  per  cent. 

The  density  of  the  icebergs  fluctuates,  according  to  Smith,  from  0.6  to  0.92,  in  accordance 
with  their  air  content. 

The  most  porous  and  light  glacial  ice  forms  at  very  high  latitudes.  This  ice  is  very  lightly 
fused  and  falls  apart  easily.  Icebergs  consisting  of  such  ice  are  called  "sugar"  by  the  Norwegians. 

The  copious  release  of  air  bubbles  which  is  usually  observed  during  the  melting  of  glacial 
ice,  and  which  is  accompanied  by  characteristic  hissing  resembling  the  hissing  of  frying  fat,  should 
evidently  be  explained  by  the  increase  of  pressure  in  the  air  bubbles  trapped  in  the  ice. 

The  density  of  porous  ice  is  determined  by  the  formula 


where  6 is  the  density  of  ice  without  air  bubbles,  and  n is  the  porosity  of  ice. 

The  density  50  is  a function  of  the  temperature  and  salinity.  As  we  saw  in  table  46,  under 
natural  conditions  it  fluctuates  within  the  limits  of  0.920  Co  0.953. 

From  formula  (3)  we  obtain 


n = 100 

1 computed  the  porosity  of  pure  ice  and  snow  as 
formula  (4). 

TABLE  50.  THE  POROSITY  OF  SNOW  .AND  ICE  AS  A FUNCTION  OF  DENSITY 

Density  . . . 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

Porosity  ...  89  78  67  56  46  35  14  13  2 

LITERATURE:  8 , 9,  13  , 44  , 62,  115,  129. 

Section  67.  Buoyancy 

Only  a comparatively  small  part  of  ice  rises  above  water  (figure  58)  as  a result  of  the  slight 
difference  between  the  densities  of  ice  and  water. 

Let  the  density  of  ice  be  6 , , and  density  of  water  6W,  the  above-water  volume  i’^,  and  the 
underwater  volume  , then  according  to  .Archimedes  Principle,  between  these  quantities  there 
exists  the  relationship; 

(V,,  + V,)8i  = (1 


a function  of  its  density  (table  50)  according  to 
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Figure  58.  The  draft  of  an  ice  cake  (density  0.90)  in  water 
(density  1.01)  according  to  Burke. 


It  is  clear  that  if  the  upper  and  lower  surfaces  of  the  ice  floe  are  horizontal  and  its  side  walls 
are  vertical,  formula  (1)  is  simplified,  namely; 

(ft  + Z) =Z&a,,  (2) 

where  h is  the  above  water  elevation,  r is  the  underwater  draft  of  the  ice  floe. 

From  formula  (2)  we  obtain 

Z_ 

h 

or 


where  i is  the  general  thickness  of  the  ice. 

Table  51  gives  the  relation  between  the  draft  of  the  underwater  part  of  the  ice  floe  to  the 
height  of  the  above  water  part  at  different  densities  of  water  and  ice  for  homogeneous  ice  floes. 

When  examining  table  51,  we  see  that  even  a slight  change  in  the  density  of  the  ice  or  water 
causes  a great  change  in  the  relation  of  the  above  water  ice  to  the  draft  of  the  underwater  part  of 
the  ice  fields. 

But  we  have  seen  that  sea  ice  is  a porous  body  in  which  part  of  the  pores  in  the  surface  part 
of  the  Ice  communicate  with  the  air  and  the  underwater  part  communicates  with  the  sea  water.  It  is 
clear  that  such  pores  should  be  excluded  from  the  volume  of  ice  introduced  into  formula  (1).  Re- 
membering these  reservations,  let  us  note  that  the  porosity  of  sea  ice  increases  considerably 
during  the  summer  when  air  replaces  the  brine  in  the  cells,  and  at  this  time,  the  density  of  the 
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above  water  part  of  ice  can  differ  sharply  from  the  density  of  its  under-water  part.  Therefore, 
making  formula  (2)  more  exact,  we  obtain 

+ 2&,  = 


where  6 . is  the  density  of  the  above  water  part, 


6 is  the  density  of  the  underwater  part. 


From  formula  (4)  we  obtain 

2 K 


(5) 


Just  how  considerably  the  density  can  fluctuate  is  shown  by  Malmgren's  measurements  of  the 
density  of  ice  in  the  same  ice  field.  During  the  winter,  when  the  brine  and  air  cells  in  the  cold  ice 
were  isolated  from  each  other  and  from  the  surrounding  media,  the  density  of  the  ice  fluctuated 
within  the  limits  of  0.914  to  0.924,  in  May  within  the  limits  of  0.885  to  0.899. 


It  has  already  been  noted  that  according  to  Savelev's  observations  of  1939  the  porosity  of  fast 
ice  increased  from  February  to  May  and  minimum  porosity  was  noted  in  the  middle  levels  of  the 
ice.  Correspondingly,  the  density  of  the  ice  decreased  from  February  to  May  and  attained  its  max- 
imum values  in  the  middle  parts  of  the  ice.  Thus  in  May  1939  at  the  5 cm  level,  the  density  was 
0.870,  at  80  cm  - 0.910,  and  at  172  cm  - 0.875.  The  lowest  density  of  sea  ice,  according  to 
Makarov's  determination  (13  August  1899)  was  0.  846,  and  the  greatest  was  0. 929  with  a 2.  8 o/oo 
salinity  of  ice. 

Makarov  calls  the  following  ratio  the  buoyancy  of  sea  ice 


h h 
h + 2 i 


(6) 


TABLE  51.  THE  RATIO  OF  THE  UNDERWATER  TO  THE 
ABOVE-WATER  PARTS  OF  HOMOGENEOUS 
ICE  FLOES  HAVING  HORIZONTAL  UPPER 
AND  LOWER  SURFACES  AND  VERTICAL 
SIDE  WALLS 


1.00 

1 

1.01 

1.02 

1.03 

0.80 

4.0 

3.8 

3.6 

3.5 

0.85 

5.7 

5.3 

5.0 

4.7 

0.90 

9.0 

8.2 

7.5 

7.0 

0.95 

19.0 

15.2 

13.6 

11.9 

According  to  his  measurements  conducted  in  sea  water  having  a temperature  of  -1.5°  and  a 
salinity  of  32.  4 o/oo  (density,  1.0258),  the  buoyancy  of  27  investigated  samples  fluctuated  within 
the  limits  of  1:6  to  1:15. 
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I call  the  coefficient  of  buoyancy  the  entire  load  in  tons  which  forces  one  meter  cubed  of  ice 
to  sink.  It  is  not  hard  to  see  that  the  coefficient  of  buoyancy  is  equal  to 

(7) 

It  is  clear  that  the  buoyancy  of  an  ice  floe  will  be  the  product  of  the  coefficient  of  buoyancy  and  the 
volume  of  the  ice  flow  expressed  in  m3,  or 


p=  p0iq, 


(8) 


where  i is  the  thickness  of  the  ice, 
q is  the  area  cf  the  ice.  * 

TABLE  52.  THE  BUOYANCY  COEFFICIENT 
OF  SEA  ICE  IN  TONS 


*>w 

6 \ 
i \ 

1.00 

1.01 

1.02 

1.03 

0.80 

0.20 

0.21 

0.22 

0.23 

0.  85 

0.15 

0.16 

0.17 

0.18 

0.90 

0. 10 

0.11 

0.12 

0.13 

0.95 

0.05 

0.06 

0.07 

0.08 

It  follows  from  formulas  (6)  and  (7)  that  buoyancy  is  greater  the  greater  the  thickness  of  the 
ice  and  the  density  of  the  water  and  the  less  the  density  of  the  ice. 


It  can  be  easily  seen  from  table  52  that  with  ice  thickness  remaining  constant,  the  possible 
seasonal  changes  in  the  density  of  the  water  in  which  the  ice  is  floating  have  little  effect  on  the 
buoyancy  of  ice.  The  matter  is  different  with  the  density  of  the  ice  itself,  seasonal  changes  of 
which  are  extremely  important.  Because  of  this,  if  the  fact  that  the  pores  of  the  summer  ice  are 
opened  to  the  surrounding  media  while  the  pores  of  winter  ice  are  not  exposed  to  it  is  not  con- 
sidered, we  can  by  formulas  (6)  and  (7)  arrive  at  a false  conclusion  that  ice  of  the  same  thickness 
has  greater  buoyancy  during  the  summer  than  drring  the  winter.  But  we  observed  the  reverse 
phenomenon  in  nature. 

The  fact  that  the  upper  surface  of  the  ice  sinks  below  the  surface  of  the  water  under  the 
weight  of  the  snow  precipitated  upon  the  ice,  and  especially  under  the  weight  of  snow  drifts,  is  ex- 
plained by  the  slight  buoyancy  of  ice.  Actually,  from  formulas  (3)  and  (7)  it  follows  that  the  upper 
surface  of  the  ice  field  sinks  below  the  level  of  the  water  on  the  condition  that 


i), 


(9) 


where  3 is  the  height  of  the  snow  cover, 
6 is  the  density  of  the  snow. 


• > rmula*  (6)  and  (7)  and  table  52  are  derived  on  the  proposition  that  the  ice  is  homogeneous 
- m ita  upper  and  lower  parts. 


From  formula  (7)  It  follows  that  an  ice  floe,  the  buoyancy  coefficient  of  which  is  0. 1,  the 
thickness  40  cm,  and  the  area  2.4  x 4.37  (10.5  m2)  (the  dimensions  of  a 12  ton  tractor),  will  sink 
under  a load  of  0. 4 tons.  Therefore,  if  an  ice  floe  is  to  support  the  weight  of  a tractor  exclusively 
by  its  own  buoyancy,  its  area  should  be  no  less  than  300  square  m. 

It  follows  from  this  example  that  if  we  want  to  use  the  buoyancy  of  ice  for  supporting  a load, 
we  should  distribute  the  load  over  large  areas  of  ice. 

LITERATURE:  62,  76,  77,  101. 


Section  68.  Density  of  Snow 

The  most  noteworthy  property  ->f  a snow  cover  is  its  significant  density. 

Another  no  less  noteworthy  property  of  snow  is  its  ability  to  change  its  density  due  to  the 
action  of  pressure  by  the  above-lying  layers,  wind,  solar  radiation,  temperature,  and  the  humidity 
of  the  air  and  liquid  precipitates,  basically  raising  the  density  in  the  course  of  time,  but,  in 
separate  instances,  even  lowering  it. 

Some  aspects  of  natural  snow  are  of  practical  interest. 

"Wild  Snow"  is  very  fluffy,  has  almost  no  cohesion,  pours  like  flour.  Such  types  of  freshly- 
fallen  snow  are  often  observed  during  a full  calm  and  low  air  temperature.  The  density  of  such 
snow  is  about  0. 01  to  0. 03. 

"Sandy  Snow"  falls  at  extremely  low  temperatures.  Sleds  and  skis  move  over  it  with 
difficulty  which  in  part  confirms  the  observations  of  Koch  and  Wegener  in  Greenland. 

"Frozen  Windcrust  and  Windrind"  are  formed  by  wind  pressure.  This  pressure  is  consid- 
erable. For  light  winds  (5  m/sec)  it  equals  about  3 kg/m2,  for  a fresh  breeze  (9  m/sec)  it  is 
about  6 kg/ m2  and  for  storm  winds  (30  m/sec)  it  is  about  74  kg/m2.  Pure  snow  made  dense  by 
wind  has  a dull  crust  and  surface  covered  with  ripples.  Frozen  wind  crusts  of  great  strength  are 
called  "snow  boards. " 

"Spring  Snow"  is  snow  which  disintegrates  into  individual  grains.  It  presents  an  excellent 
surface  for  skiing  since  the  grains  are  wetted  by  melt  water  and  move  with  respect  to  each  other 
practically  without  friction. 

"Spring  Rind”  forms  on  spring  snow  when  its  surface  temperature  decreases.  It  usually 
consists  of  a thin  layer  of  ice  found  above  snow  and  separated  from  it  by  a thin  air  layer. 

"Sun  Rind"  forms  at  low  air  temperatures  as  a result  of  the  melting  of  upper  snowflakes  and 
their  freezing  together. 

"Rain  Rind”  forms  after  light  rain  falls  over  very  cold  snow. 

The  density  of  snow  fallen  on  the  surface  of  land  or  ice  Increases  not  only  due  to  wind  pres- 
sure and  other  factors  but  also  due  to  the  weight  of  above- lying  layers.  The  latter  case  is  taken 
into  consideration. 
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Abe,  considering  that  density  is  proportional  to  pressure  and  to  the  gradient  of  pressure, 
obtained 

df=kf.dz,  (1) 

where  p is  the  density,  s is  the  depth  of  the  layer,  and  k is  the  coefficient  of  proportionality. 

P = p 0ekz.  (2) 

Abe  determined  the  constants  entering  into  the  formula  (2)  from  his  measurements  at  7 levels 
of  snow  which  were  about  70  cm  and  finally  obtained 


p = 0.1854*0, 00545.', 


where  ~ is  expressed  in  centimeters. 


According  to  Shepelevskii,  the  density  of  snow  remains  unchanged  to  a certain  depth,  inas- 
much as  the  density  of  the  snowflakes  is  sufficient  here  to  support  the  light  weight  of  the  upper 
layers.  Shepelevskii,  like  Abe,  also  considers  that  below  this  depth  the  density  of  the  snow  changes 
with  depth  according  to  logarithmic  laws. 

Finally  after  a certain  additional  assumptions,  Shepelevskii  arrives  at  the  following  formulas 


ri 

where  p1  is  the  density  of  snow  cover  at  a depth  ffy 

For  an  approximate  evaluation  of  snow  density,  Kukharskii  worked  out  the  following  scale 
which  proved  to  be  useful  during  sled  expeditions: 

Point  Characteristics 

1 Loose  snow  not  supporting  one's  weight  at  all. 

2 Snow,  lightly  compressed  by  the  foot. 

3 Foot  sinks  up  to  the  ankle  and  is  supported  before 
reaching  the  ground  or  the  ice. 

4 The  foot  sinks  into  the  snow  1 to  2 cm  when 
walking. 

5 Snow  supporting  the  weight  of  a man  - the  foot 
leaves  a slight  print. 

g,  7,8  Snow  is  dense  and  yields  to  a soft  foot  gear 

and  to  a blow  by  it. 

9,  io  Snow  yields  with  difficulty  to  a blow  by  a 

wooden  stake. 

LITERATURE:  25,  133,  142. 
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Section  69.  Radiation  Properties 

The  ice  crystals  are  uniaxial  and  positive.  Therefore,  the  speed  of  extraordinary  rays  in  ice 
is  greater  than  the  speed  of  ordinary  rays  and  hence  the  coefficients  of  refraction  are  greater.  * 

The  coefficients  of  refraction  of  ice  are  very  close  to  the  coefficients  of  refraction  of  water. 

W ater  and  ice  also  difter  only  slightly  in  their  absorption  coefficients  and  because  of  this,  ice  is 
very  similar  to  water  in  its  optical  properties. 

Other  radiation  properties  of  snow  ;ind  ice  are  more  important. 

The  great  ability  of  snow  to  reflect  radiant  energy  (albedo)  has  already  been  noted.  This  is  of 
especially  great  significance  to  ice  cover  inasmuch  as  the  latter  is  always  covered  on  top  by  a more 
or  less  thick  layer  of  snow.  Kalitin's  special  investigations  show  that  the  reflecting  ability  of  snow 
is  greater,  the  more  pure  and  fine  the  snow  is  and  the  lower  its  temperature.  Thus,  the  albedo  of 
newly  fallen  pure  snow  attains  90  per  cent  and  the  albedo  of  melted  and  granular  snow  (after  a warm 
spell)  decreases  to  52  percent  and  lower. 

Recently  many  observations  of  the  albedo  of  sea  ice,  snow,  and  on  the  penetration  of  solar 
radiation  have  been  conducted  under  natural  conditions  at  different  polar  stations  of  the  soviet  sec- 
tor of  the  arctic,  namely  at:  Uedineniie  Island,  Cape  Cheliuskin,  Tiksi  Bay,  Tikhaia  Bay,  and  Cape 
Schmidt. 

As  a result  of  a breakdown  of  these  observations,  Chernigovskii  gives  the  following  table  of 
albedo  for  snow  cover  and  ice,  free  of  snow,  by  months,  for  the  northern  latitudes  from  69°  to 
80°  (table  53) . 


TABLE  53.  THE  APPARENT  VALUE  OF  SNOW  AND  ICE 
ALBEDO  IN  ARCTIC  SEAS  IN  PER  CENT 


Month 

Snow 

Ice 

March  .... 

87  : 

April 

87  I 

40 

45 

Along  an  offshore  strip  the  albedo  of 
snow  cover  is  about  70  per  cent  in 
June  :md  about  50  per  cent  in  July. 

May 

83 

J une 

80 

45  1 

duly 

60  | 

50  1 

Kalitin  conducted  investigations  of  the  passage  of  radiant  energy  through  snow  covers  of 
various  thicknesses.  Figure  59  shows  the  results  of  these  investigations.  The  upper  curve  deals 
with  snow  having  a temperature  below  0°,  i.e.  , with  dry  snow.  The  lower  curve  deals  with  melting 
snow,  soaked  with  water.  Both  curves  are  constructed  hiking  into  consideration  the  reflecting 
ability  of  the  snow,  in  other  words,  taking  into  consideration  only  the  radiant  energy  which  had 


*In  uniaxial  crystals  (into  which  category  fall  ice  crystals),  the  incident  ray  is  divided  into 
2 rays  during  refraction:  the  ordinary— in  which  the  ratio  of  the  sine  of  the  angles  of  incidents  and 
refraction  is  equal  to  the  refractive  index,  and  the  extraordinary— for  which  this  ratio  has  no 
physical  significance.  When  the  index  of  refraction  of  an  extraordinary  ray  is  mentioned,  it  is 
understood  to  mean  the  maximum  deflection  of  an  extraordinary  ray. 
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Figure  59.  The  passage  of  radiant  energy 
through  a snow  cover. 


actually  entered  into  the  snow  cover,  and  not  the  total  energy  which  had  fallen  on  its  surface  and 
had  been  partially  reflected. 

In  summing  up  the  results  of  his  investigation  of  the  radiational  properties  of  natural  fresh 
ice,  Kalitin  arrives  at  the  following  conclusions: 

X.  Ice  is  easily  penetrated  by  radiant  energy  within  the  limits  of  wave  lengths  of  0.35  to 
3.0  microns,  i.e. , by  the  shortwave  part  of  the  spectrum. 

2.  As  can  be  seen  from  figure  60,  ice  is  more  transparent  to  scattered  radiation  than  to 
direct  (radiation) . 


Figure  60.  The  change  of  ice  trans- 
parency for  direct  (smooth 
curve)  and  scattered  (dashed 
curve)  solar  radiation  as  a 
function  of  ice  thickness. 


3.  The  transparency  of  ice  is  very  much  affected  by  the  air  bubbles  imbedded  in  it, 
whereupon  porosity  being  equal,  small  bubbles,  due  to  which  there  is  a great  deal  of  scattering  of 
the  incident  radiant  energy,  makes  the  ice  less  transparent  than  large  bubbles. 


It  is  noteworthy  that  ice  which  to  the  eyes  appears  to  be  completely  homogeneous,  very  trans- 
parent, and  which  contains  no  visible  air  bubbles,  may  prove  to  be  more  transparent  to  scattered 
radiation. 
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4.  Ice,  even  in  very  thin  discs,  is  completely  nontransparent  to  long-wave  rays.  In  this 
respect,  ice  is  similar  to  glass,  and  a thin  ice  cover  develops  a "green  house"  effect,  analagous 
to  the  same  effect  of  glass. 

This  fact  was  noted  by  Melloni  who  as  far  back  as  1832  showed  that  a plate  of  ice  2. 6 mm 
thick  passes  6 per  cent  of  the  energy  incident  on  it  from  a source  whose  temperature  was  1200° , 
and  passes  no  radiant  energy  from  a source  fhaving  a temperature  of  100° . 

The  "green  house"  effect  of  ice  is  a very  important  factor.  Due  to  it,  ice  in  thin  discs  not 
only  preserves  the  layers  of  water  lying  beneath  it  from  cooling  but  with  a sufficient  intensifica- 
tion of  illumination,  it  even  assists  in  gradually  warming  them. 

As  for  the  penetrability  of  sea  ice  to  the  total  flow  of  radiation,  Chernigovskii  presents  the 
average  results  of  corresponding  measurements  inTiksi  Bay  (table  54). 


TABLE  54.  THE  AVERAGE  PENETRABILITY  OF  SEA  ICE  BY  TOTAL  FLOW 
OF  RADIATION  IN  PER  CENT  FROM  19  APRIL  THROUGH  4 MAY 
1937  (TIKSI  BAY) 


Thickness  of  Ice  in  cm 

0-7.3 

0-11.5 

0-21.0 

0-42.0 

The  per  cent  of  radiation  in  relation  to  the 
incident  along  the  surface  (without  albedo)  . 

48 

44 

36 

23 

Albedo  

40 

40 

40 

40 

Absorption 

12 

16 

24 

37 

Chernigovskii  also  presents  data  on  the  penetrability  of  the  snow  cover  for  radiation  from 
which  it  can  be  seen  that  not  more  than  10  per  cent  of  the  radiation  passes  through  a layer  of  snow  5 
cm  thick,  not  more  than  5 per  cent  through  a layer  of  snow  10  cm  thick,  and  not  more  than  1 per 
cent  through  a layer  of  snow  15  cm  thick. 

During  intensive  melting,  however,  when  icing  of  the  snow  mass  occurs  simultaneously,  the 
penetrability  of  the  snow  cover  is  considerably  increased.  Thus,  according  to  the  observations 
made  at  the  end  of  June,  1935  on  Uedineniie  Island  23  to  30  per  cent  of  the  radiation  penetrated 
through  snow  5 cm  thick,  and  6 to  13  per  cent  was  retained  in  the  snow,  26  per  cent  of  the  radia- 
tion penetrated  through  a layer  10  cm  thick,  and  11  per  cent  was  absorbed;  through  a 16  cm  layer, 

7 per  cent  of  the  radiation  penetrated.  Other  polar  stations  also  obtained  amounts  on  the  same 
order. 

LITERATURE;  62,  73,  80,  137, 


Section  70.  Illumination  of  the  Sea  Under  the  Ice 

The  question  of  under-ice  illumination  has  a dual  significance.  First,  this  illumination 
determines  the  biological  productivity  of  the  sea  which  depends  on  the  photosynthetic  activity  of 
plants.  Actually,  if  the  sea  is  covered  by  a solid  ice  cover,  and,  therefore,  is  isolated  from  a 
direct  exchange  with  the  atmosphere,  the  only  source  for  covering  the  expenditure  of  oxygen  is 
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photosynthetic  activity.  When  there  is  no  Light,  the  plant  organisms  which  are  the  original  source 
of  food  for  all  the  rest  of  the  organisms,  cannot  develop. 

Secondly,  under-ice  illumination  is  connected  with  the  practical  activity  of  man:  diving  work 
and  navigation  under  ice  pertain  to  this  matter. 

Unfortunately,  under-ice  illumination  has  been  poorly  studied  and  the  available  observations 
are  fragmentary,  sometimes  even  inconsistent. 

Trofimov,  when  studying  the  conditions  of  under-ice  illumination  in  the  White  Sea  in  April 
1934,  computed  the  conditional  ice  transparencies  as  the  ratio  of  the  intensity  of  illumination 
under  the  ice  to  the  intensity  of  the  light  incident  from  above,  minus  the  albedo  of  the  surface. 

The  results  of  his  observations  are  shown  in  table  55. 

TABLE  55.  ILLUMINATION  UNDER  ICE  AND  SNOW  OF  DIFFERENT  THICKNESSES  (IN  CM) 


Illumination  in  Per  Cents  j 

Albedo  in 

At  a Depth 

Transparency  of 

State  of  the  Weather 

Ice 

Snow 

Per  Cents 

Under  Ice 

of  5 m 

Ice  in  Per  Cents 

Sun 

10 

0 

30 

42 

5.3 

0.6 

Clear 

70 

5 

90 

2.5 

0. 17 

11 

Clear 

70 

12 

91 

4.5 

0.  18 

37 

Cloudy  .... 

The  sun  shines 

48 

1.5 

63 

14 

3.  15 

13 

across  a bank 

of  clouds  . . . 

40 

5 

78 

12 

2.75 

22 

Overcast,  fog 

The  sun  behind  a 

40 

1 

41 

14 

0.66 

3 

bank  of  clouds  . 

35 

3.5 

61 

22 

4.5 

19.5 

The  "Non-albedo"  transparency  of  ice  in  this  table  was  computed  according  to  formula 

Ii 

P— , 

100 — A 

where  I is  the  illumination  under  the  ice, 

A is  the  albedo, 

i is  the  thickness  of  the  ice  in  meters. 

As  can  be  seen  from  the  table,  the  transparency  of  the  ice  computed  for  1 m of  thickness 
fluctuated  within  the  limits  of  0.6  to  37  per  cent  which  is  explained  by  the  usual  non-homogeneity 
of  the  ice  cover  under  natural  conditions. 

Trofimov's  special  observations  of  individual  plates  of  ice  1 to  2 square  m in  area  which  had 
lain  for  a sufficient  time  in  the  air  (ropaki)  and  which  are  almost  fresh  (salinity  less  than  1 o/oo) , 
gave  the  results  shown  in  table  56 . 

The  icefloes  which  were  investigated  were  lilac  blue  which  indicated  the  high  purity  of  the  ice. 
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TABLE  56.  TRANSPARENCIES  OF  ICE  IN  PER  CENTS 


Thickness  of  Ice 

in  cm 

Snow  in 

cm 

Albedo  In 

Per  Cent 

Per  Cent  of  Light  Passing 
Through  the  Snow  and  Ice 

Transparency  of  Ice 
in  Per  Cent 

35 

5 

89 

11. 1 

100 

70 

5 

79 

12.5 

48 

These  measurements  showed  an  almost  100  per  cent  transparency  of  dry  ropak  ice  which, 
thus  both  in  its  composition  and  transparency  approached  pure,  fresh  water  ice.  As  Trofimov 
himself  indicates,  however,  the  results  cannot  be  considered  especially  significant  due  to  the 
difficulty  of  observation. 

During  the  1935  Sadko  expedition,  V.  Berezkin  lowered  a photometer  into  an  ice  hole  about 
30  cm  in  diameter  which  was  later  filled  with  brash  ice.  On  12  August  at  81°  10'  north,  and 
26°  29'  east  under  sunny,  cloudless  skies  and  with  a snow  cover  of  3 to  5 cm,  (the  average  of  four 
observational  illumination  at  a depth  of  5 m was  about  2 per  cent  of  the  surface  illumination.  Ice 
was  glass-like  and  transparent  and  with  a great  number  of  air  bubbles  5 to  6 mm  in  diameter. 

Nazarov  gives  the  following  of  his  observations  conducted  in  April  1936  4 km  from  Uedineniie 
Island  at  a depth  of  13  m,  through  fast  ice  120  cm  thick  and  covered  by  20  to  30  cm  of  snow. 
Observations  were  conducted  in  a closed  tent  through  a special  hole.  The  bottom  was  well  illum- 
inated constantly.  Under  clear  skies,  the  bottom  shone,  which  Nazarov  explains  as  the  reflection 
of  a large  amount  of  light.  It  was  easy  to  distinguish  separate  stones  on  the  bottom,  and  swimming 
fish  and  sea  animals  in  the  water. 

At  my  request,  in  March  1941,  Bardovskii  conducted  observations  of  under-ice  illumination 
with  the  aid  of  a secchi  disc  in  Matochkinshar  Strait.  The  results  of  these  observations  are 
presented  in  table  57. 


TABLE  57.  THE  TRANSPARENCY  ACCORDING  TO  THE  SECCHI  DISC. 
UNDER  THE  ICE  OF  MATOCHKINSHAR  STRAIT 


Date 

Altitude  of  the  Sun 

Thickness  in  cm 

Transparencies  Accord- 
ing to  Secchi  Disc  in  m 

Of  Ice 

Of  Snow 

14  March  . 

15° 

114 

15 

36 

14  March  . . . 

15 

119 

12 

28 

14  March  . . . 

14 

94 

34 

21 

27  March  . . . 

19 

129 

30 

34 

Average  . 16  114  23  30 


Average  of 

10  observations 

in  June 

34 

132  | 

13 

20 

The  high  transparencies  found  by  Bardovskii  are  extremely  interesting.  They  indicate  first, 
high  illumination  under  the  ice,  and  secondly,  a high  purity  of  water  during  the  period  of  ice  forma- 
tion which  forms  as  a result  of  a unique  purification  of  the  water  during  winter  vertical  circulation. 

The  observations  conducted  by  Bardovskii  in  March  are  presented  in  full.  The  June  obser- 
vations made  at  10  points  are  averaged.  It  is  interesting  that  in  spite  of  the  considerable  decrease 
in  the  thickness  of  the  snow  (and  of  the  almost  unchanged  over-all  thickness:  snow  plus  ice),  the 
transparency  decreased  sharply  under  the  ice.  This  of  course,  should  be  attributed  to  the  spring 
processes  (development  of  life)  both  in  the  ice  and  in  the  water  which  begin  in  June. 

It  should  be  pointed  out  that  instrument  observations  (Trofimov's  and  others)  of  ice  trans- 
parency do  not  agree  with  the  illumination  of  the  sea  under  ice  (Nazarov,  Bardovskii).  This 
question  should  be  investigated  further. 

LITERATURE:  62.  77,  130. 

Section  71.  Color 

The  color  of  ice,  like  the  color  of  water,  is  explained  by  the  selective  absorption  and  a 
scattering  of  light  rays  and  also  by  the  size  and  amount  of  foreign  admixtures.  Completely  pure 
and  fresh  ice  which  is  devoid  ol  air  bubbles  appears  as  light  azure  when  being  observed  in  large 
pieces. 

The  ice  found  at  sea  can  be  roughly  divided  according  to  color:  brown,  white,  green  and 
azure,  or  even  blue.  Sailors  also  distinguish  a black  ice.  This  is  the  ice  of  frozen  fresh  water 
reservoirs  which  form  on  ice  fields  during  the  summer.  It  should  be  emphasized  that  these  colors, 
or  more  correctly,  hues,  are  noticeable  only  in  large  ice  masses.  Small  pieces  of  ice  almost 
always  seem  to  be  whitish  with  inner  layers  of  a steel  hue. 

Brown  ice  (sometimes  yellowish),  more  properly  ice  having  a brown  hue,  is  of  river,  or 
generally  shore  origin.  Its  color  is  explained  by  a greater  or  lesser  amount  of  impurities  of  humic 
acids  or  clay  substances. 

White  color  is  characteristic  of  ice  formed  from  snow  and  of  layers  formed  from  snow  be- 
tween the  layers  of  ice  which  had  formed  from  sea  water.  White  ice  has  many  large  bubbles  of  air 
or  brine  cells. 

Green  is  characteristic  of  comparatively  young  sea  ice  containing  a great  amount  of  air  and 
brine.  In  small  chunks,  green  ice  is  usually  a whitish,  transparent  color  having  interlayers  of  a 
steel  hue. 

Blue  or  azure  color  is  characteristic  of  old  sea  ice  from  which  almost  all  extraneous  admix- 
tures have  been  squeezed  out.  The  blue  color  is  frequently  observed  in  high  ropaks  and  hummocks 
which  can  even  be  of  one  year  origin.  Glacier  ice  from  a deep  deposit  is  also  noteworthy  for  its 
blue  color. 

During  the  summer,  when  one  is  searching  for  fresh-water  reservoirs  on  arctic  ice  to  take 
water  from  them,  one  can  be  guided  by  the  color  of  the  ice  and  the  color  of  the  water  in  the  reser- 
voirs on  the  ice.  Brown  color  indicates  that  there  are  many  diatoms  on  the  bottom  of  the  reservoir, 
and  that  the  water  in  it  is  salty.  Green  color  indicates  very  salty  water  with  a salinity  close  to  that 
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of  the  sea  surrounding  it.  Usually  the  bottom  of  such  reservoirs  proves  to  have  melted  through. 
Blue  reservoirs  (blue  walls,  bluish  water),  always  prove  to  be  completely  fresh.  * 

Ice  structure  also  affects  the  color  of  ice.  Green  ice  consists  of  weakly  expressed  and 
irregularly  arranged  crystals  (granular  ice).  In  blue  ice,  the  isoline  structure  is  sharply  ex- 
pressed and  the  crystals  are  orientated  alike.  Such  ice  splits  well  along  the  axes  of  the  crystals, 
it  is  more  durable  in  a perpendicular  direction,  and  when  broken  it  yields  an  angular  surface. 

Thus,  basically,  a plate  of  ice  which  had  frozen  under  calm  conditions,  is  blue. 

The  color  of  the  ice  at  the  initial  moment  of  ice  formation  is  also  characteristic.  Slush, 
brash  and  also  thin,  completely  wet,  ice  is  of  dark-grey,  steel  color  (dark-grey  nilas).  In  ratio  to 
the  increase  in  thickness,  the  color  of  the  ice  changes  to  light  grey  (light-grey  nilas),  and  then  in- 
to white  when  a considerable  part  of  the  ice  begins  to  rise  above  the  water.  Separate  little  ice 
chunks  wet  with  water,  which  form  during  melting  as  a result  of  the  disintegration  of  large  ice 
floes,  appear  completely  dark. 

The  color  of  ice  colored  by  bacteria  and  plankton,  concerning  which  more  will  be  said  later, 
should  be  investigated  particularly. 

As  Burke  correctly  points  out,  in  practice,  there  always  exists  the  necessity  to  distinguish 
hard  ice  from  the  more  friable  ice.  This  can  be  done  only  with  great  experience,  differentiating  in 
the  color  of  the  ice  sometimes  by  very  slightly  differing  hues. 

The  change  in  the  color  of  ice  fields  in  connection  with  a change  in  weather  is  characteristic. 

In  clear  weather  with  strong  solar  radiation  and  strong  emission,  ice  fields  turn  white.  The 
impression  is  created  that  they  are  covered  with  frost  or  freshly  fallen  snow.  In  overcast  weather 
conditions,  during  high  air  temperatures,  the  ice  turns  grey  and  takes  on  dirty  hues.  An  explana- 
tion of  this  phenomenon  will  be  given  in  Section  115. 

As  a rule,  the  whiter  the  ice,  the  more  frangible  it  is,  but  this  rule  has  many  exceptions. 
Sometimes  very  white  ice  is  encountered  and  in  spite  of  its  considerable  thickness  a ship  may  pass 
through  it  easily.  Thus  for  instance,  in  August  1935,  when  we  were  on  the  Sadho  in  the  Barents 
Sea  at  79°88'  north,  33°27'  east,  we  encountered  very  jumbled,  frightening,  but  completely  white 
9 point  ice,  through  which  we  sailed  freely  at  a slow  speed.  On  the  other  hand,  dirty  ice  was  found 
which  was  almost  impossible  to  pass  through  with  a vessel.  An  additional  sign  of  the  latter  is  a 
rounded,  eroded  form  of  ice. 

LITERATURE:  23,  62,  77. 


Section  72.  Hardness 

If  ice  is  considered  as  a mineral,  its  hardness  can  be  determined  by  the  so  called  "hardness 
scale"  of  Mohs,  i.e.,  by  the  resistance  shown  to  scratching  by  a determined  testing  mineral 
(table  58) . 


*It  should  be  added  that  another  indirect  sign  of  the  use  of  water  for  drinking  is  a higher  water 
level  in  the  reservoir  in  comparison  with  the  level  of  the  sea.  This  sign,  however,  is  not  observed 
in  all  cases. 
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TABLE  58.  SCALE  OF  MINERAL  HARDNESS 


~ - 


1. 

Talc 

6. 

Feldspar 

2. 

Gypsum 

7. 

Quartz 

3. 

Calclte 

8. 

Topaz 

4. 

Flourite 

9. 

Corundum 

5. 

Apatite 

10. 

Diamond 

The  hardness  of  fresh  ice  at  0°  is  about  1. 5;  according  to  Koch  and  Wegner  at  -15°  it  is 
between  2 and  3,  at  -30°  between  3 and  4,  at  -40°  about  4,  and  finally,  at  -50°,  fresh  ice,  according 
to  Heim,  cannot  be  cut  by  a saw,  that  is,  its  hardness  is  near  6. 

The  following  observations  by  Badigin,  conducted  on  the  drift  of  the  Sedou  on  31  January 
1938  during  an  air  temperature  near  -40°  is  a characteristic  example  of  the  hardness  of  ice  at  low 
air  temperatures. 

"We  saw  a completely  vertical  wall  of  ice.  We  drew  a circle  (a  'bull's  eye1)  and  trained  the 
sights  of  our  carbines  on  this  target.  The  lead  bullets  flattened  out  leaving  hardly  noticeable  marks 
it  proved  that  the  ice  was  devilishly  hard. " 

Burke  considers  that  with  the  same  temperature,  the  ice  found  at  sea  can  be  distributed  in  the 
following  order  according  to  its  hardness:  1)  Icebergs  and  fragments  of  them;  2)  many  year-old 
hummock  ice;  3)  "the  tops"  of  hummocks  formed  by  pressure;  4)  one  year  old  hummock  ice;  5)  thick 
smooth  fields  and  fragments  of  them;  6)  thin  fields  and  fragments  of  them;  7)  nilas  ice;  8)  brash  ice 
and  sludge. 

LITERATURE:  11,  23,  62,  77. 

Section  73.  The  Liquid  State 

The  transfer  temperature  of  a body  from  one  state  to  another  and  therefore  also  the  temper- 
ature of  fusion,  changes  with  a change  of  pressure  according  to  Clayperon's  following  formula: 
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change  in  the  fusion  temperature, 
change  in  pressure, 
mechanical  equivalent  of  heat, 
absolute  temperature, 
specific  volume  of  pure  water, 
specific  volume  of  pure  ice, 
heat  of  fusion. 


Since  the  specific  volume  of  water  is  less  than  the  specific  volume  of  ice,  consequently,  the 
freezing  temperature  decreases  with  an  increase  of  pressure,  in  other  words,  the  ice  which  has 
been  formed  melts  with  an  increase  in  pressure. 
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When  making  the  calculations,  we  find  that  with  an  increase  1 bar  of  pressure  (or,  in  other 
words  1.02  kg/cm2)  the  freezing  temperature  decreases  by  0.0074°  or,  in  other  words,  the  freezing 
temperature  decreases  by  1°  with  an  increase  in  pressure  of  134.6  bar6. 

The  experimental  data  for  distilled  water  are  as  follows: 


Pressure  in  atmosphere  . 

. . 1 

500 

1,000 

Pressure  in  bars  .... 

• • 1.01 

506.09 

1,012.12 

Freezing  temperature.  . . 

. . o°.o 

-4°.  1 

-8°. 7 

A decrease  in  the  freezing  temperature  with  an  increase  in  pressure  causes  the  regelation 
and  fluidity  of  ice. 

The  regelation  phenomenon  consists  of  the  fact  that  with  each  rise  in  pressure,  the  ice  melts 
slightly  and  as  soon  as  the  pressure  stops,  it  freezes  together  again.  If  a heavy  object  is  placed 
on  the  ice,  it  melts  the  ice  under  it  and  squeezing  out  the  water  film  which  forms  under  it,  it  finally 
passes  through  the  ice.  Passing  a wire  with  a weight  tied  to  it  through  a beam  of  ice  is  a familiar 
experiment;  and  the  beam  of  ice  is,  so  to  speak,  cut  through.  The  regelation  phenomenon  has  a 
very  characteristic  effect  on  glacier  ice.  The  ice  flowing  along  the  bed  of  the  glacier  undergoes 
either  an  increase  or  a decrease  in  pressure  in  turning,  but  due  to  its  fluidity  and  the  regelation 
phenomenon,  the  ice  does  not  break.  Thus,  fluidity  creates  glacier  movements,  similar  to  river 
currents.  If  a row  of  pebbles  is  placed  across  a frozen  river  in  the  autumn,  in  the  spring,  these 
pebbles  on  the  ice  will  be  located  in  a curve  convex  down  stream,  which  proves  that  the  ice  covers 
of  rivers  also  "flow. " All  these  phenomena  are  so  characteristic  that  they  permit  a comparison  of 
ice  with  a liquid  which  has  a very  high  coefficient  of  viscosity. 

Regelation  appears  in  other  instances  also.  Thus,  under  pressure  of  one  piece  of  ice  over 
another,  they  fuse  with  each  other. 

It  should  be  emphasized  that  actually  ice  is  the  only  body  in  nature  whose  cleavage  can  be 
eradicated  by  means  of  pressure  under  ordinary  temperatures.  If  it  is  added  to  the  fact  that  inside 
natural  ice  (especially  during  the  winter  the  temperature  is  considerably  lower  than  the  freezing 
temperature)  every  crack  in  the  ice  is  immediately  reinforced  by  water  which  penetrates  these 
cracks  and  freezes  there. 

Therefore,  it  follows  that  it  is  possible  to  apply  to  natural  ice  the  formulas  and  theories  based 
on  studies  of  the  mechanical  properties  of  other  materials  only  with  the  corresponding  limitations. 

LITERATURE:  25,  62. 


Section  74.  Mechanical  Properties 

We  have  seen  that  the  physical  properties  of  sea  ice  change  sharply  in  connection  with  the 
conditions  of  its  formation  and  are  a function  of  its  temperature,  salinity,  and  porosity.  It  is  clear 
that  the  mechanical  properties  of  sea  ice,  i.  e. , its  ability  to  resist  the  action  of  any  external 
forces,  depend  on  the  same  factors.  Furthermore,  this  ability  also  depends  on  the  duration  of  an 
action  by  a given  force. 

In  spite  of  the  great  practical  significance  of  the  mechanical  properties  of  ice,  as  far  as  1 
know,  there  have  been  no  systematic  investigations  of  these  properties. 


183 


r 


The  numerous  available  observations  are  deficient  due  to  the  fact  that  in  the  majority  of  cases 
it  is  not  known  under  what  conditions  these  determinations  had  been  made.  .And,  furthermore,  they 
are  extremely  contradictory.  What  1 have  said  pertains  to  sea  ice  in  particular. 

The  method  of  obtaining  ice  samples  which  are  to  undergo  future  investigation  is  a great 
source  of  error  in  determining  the  mechanical  properties  of  natural  ice. 

Ordinarily,  a chunk  is  broken  off  from  a large  ice  floe  and  this  chunk  is  raised  on  to  the  deck 
of  the  ship,  or  is  sent  to  the  laboratory.  Sometimes  the  temperature  is  extremely  different  from  its 
temperature  at  the  moment  it  was  taken,  the  chunk  is  broken  up  into  smaller  pieces  from  which 
blocks  approximately  20  to  50  cm-  are  cut  out.  It  is  clear  that  during  all  these  operations  the 
physical  properties  of  ice  change  considerably:  the  brine  drains  out  of  the  cells,  the  temperature 
of  the  block  changes  (which  causes  changes  in  the  structure  of  the  ice) , the  faces  of  the  block  melt 
during  the  sawing,  etc. 

.Another  shortcoming  in  the  existing  determinations  of  the  mechanical  properties  of  ice  is  the 
fact  that  all  of  them  unintentionally  are  made  on  comparatively  small  samples  of  ice,  which  by  its 
very  nature,  is  extremely  nonhomogeneous. 

Ice,  like  any  hard  body,  in  relation  to  the  external  forces  acting  upon  it,  can  be  elastic, 
plastic,  and  frangible.  Changes  in  the  form  of  a solid  body  caused  by  small  external  forces  can 
disappear  when  these  forces  stop  acting.  Such  changes  are  called  eleastic  deformations;  a solid 
body  in  such  a case  is  in  an  elastic  stage.  With  an  increase  in  the  external  force  above  a certain 
amount  (determined  for  each  solid  body)  called  the  limit  of  elasticity — the  changes  in  the  body  no 
longer  disappear  when  the  action  of  the  force  stops.  An  imprint  is  left  in  the  body,  so  to  speak,  of 
the  action  exerted  on  it — a deformation  remains.  If  the  residual  deformation  is  destroyed  by  an 
opposite  action  during  the  same  time  interval,  the  body  is  in  a plastic  state.  If  the  applied  force 
destroys  the  body,  this  body  is  in  a frangible  state. 

Following  Veinberg,  the  amount  of  force  at  which  a body  ceases  to  be  plastic  and  is  destroyed, 
i.e. , changes  into  the  frangible  stage,  we  will  call  the  limit  of  plasticity.  Ordinarily,  this  force  is 
called  destructive  force  or  breaking  point. 

I 

Experiments  have  shown  that  separate  crystals  are  plastic  only  on  the  plane  perpendicular  to 
the  main  axis.  In  other  words,  a crystal  of  ice  behaves  as  if  it  consisted  of  a number  of  plates 
piled  upon  each  other  perpendicular  to  the  axis  and  moving  quite  easily  in  relation  to  each  other 
under  the  influence  of  an  external  force.  At  the  same  time,  if  the  force  is  directed  along  the  main 
axis,  the  ice  crystal  approaches  in  its  properties  an  absolutely  frangible  body  which  breaks  along 
with  its  deformation.  As  we  shall  see  later,  the  elastic  limit  of  ice,  and  particularly  of  sea  ice,  is 
extremely  small,  and  because  of  this,  we  can  consider  natural  ice  as  an  extremely  plastic  body  at 
high  temperatures  (near  the  freezing  temperature),  and  at  low'  temperatures  as  an  extremely  fran- 
gible body,  which  can  be  confirmed  by  the  simplest  observations.  Inasmuch  as  the  temperature  of 
natural  ice  rises  very  sharply  during  the  winter  along  a direction  from  its  upper  surface  to  its 
lower  surface,  the  upper  layers  of  the  ice  are  frangible,  the  lower — plastic.  Sea  ice  is  consider- 
ably more  plastic  than  river  ice.  Thus,  sludge,  brash  ice,  young  ice,  and  generally  nilas  ice  are 
distinguished  by  very  high  plasticity;  scum*  which  is  the  characteristic  initial  form  of  fresh  ice  is 
very  frangible.  All  these  facts  limit  the  application  of  the  formulas  and  conclusions  of  the  theory 
of  the  resistance  of  substances  (based  on  the  theory  of  elasticity)  to  natural  ice. 

UTEUATl  RE:  25,  62,  77. 


* 5*t  1 •:  •.■■'•'z  m Russian  - Translator. 
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Section  75.  Elastic  Properties 

Veinberg,  who  carefully  collected  and  systematized  the  determinations  of  mechanical  proper- 
ties of  ice  which  had  been  carried  out  by  many  investigators,  and  who  himself  had  made  quite  a few 
such  determinations,  presents  very  little  data  on  the  elastic  limit,  namely:  0.5  (according  to 
Fabian),  0.44  (according  to  Matsuyama),  0.57  (according  to  Veinberg  for  neve  ice),  and  0.9 
(according  to  Veinberg  for  granular  ice  of  the  Hinterice  glacier) . All  amounts  are  given  in  kg/cm2 . 

As  we  shall  see,  the  limit  of  elasticity  of  even  fresh  ice  is  so  small  that  as  Veinberg  says, 

"the  elastic  stage  in  the  conduct  of  ice  under  the  action  of  forces  can  seem  to  present  only  a theoret- 
ical interest,  even  though  the  elastic  constants  of  ice  are  used  in  solving  such  problems  as  construc- 
tion of  ice  crossings,  airplane  landings  on  ice,  etc.  Such  a conclusion,  however,  would  be  pre- 
mature, inasmuch  as  it  is  extremely  difficult  to  foresee  which  aspects  of  a study  of  ice  would  be 
important  in  the  future.  " Now,  in  determining  the  thickness  of  a layer  of  glacier  ice,  echo  sounding 
is  used  which  requires  a knowledge  of  the  rate  of  propagation  of  elastic  waves.  The  latter  can  be 
determined  either  by  experimentation  or  by  computations  according  to  density  and  the  elastic  con- 
stants of  ice. 

The  elastic  constants  of  fresh  ice,  determined  by  various  methods  and  by  various  investi- 
gators, differ  greatly  from  each  other.  Thus,  the  modulus  of  elasticity,  that  is,  the  magnitude, 
which  is  the  reverse  of  the  coefficient  of  linear  expansion  of  the  rod  when  it  is  distended,  according 
to  Veinberg's  resumed,  fluctuates  from  6,000  to  180,000  kg/cm2,  and  the  shearing  modulus,  i.e. , 
the  amount  of  force  which  rotates  parallel  surfaces  of  a body  by  an  angle  equal  to  one  radian  (57.  3°) 
and  fluctuates  within  the  limits  of  2,000  to  34,200  kg/cm2. 

Veinberg  considers  that  determinations  of  elastic  constants  based  on  the  frequency  of  the 
oscillations  of  the  ice  beams,  or  on  the  rate  of  propagation  of  explosive  waves,  are  the  most  depend- 
able. According  to  these  determinations,  the  modulus  of  elasticity  fluctuates  within  the  limits  of 
49,  000  to  96,  000  kg/cm2  and  the  shearing  modulus  fluctuates  within  the  limits  of  25,  000  to  34,  000 
kg/cm2.  The  most  likely  value  for  Poisson's  modulus,  i.  e. , the  ratio  of  the  relative  lateral  con- 
traction to  the  relative  longitudinal  elongation  when  longitudinal  expanding  forces  are  applied,  is 
considered  by  Veinberg  to  be  0.  36. 

As  has  been  pointed  out  already,  a knowledge  of  the  elastic  constants  of  ice  is  necessary  to 
determine  the  thickness  of  glacier  ice  cover  (by  the  propagation  velocity  of  explosive  waves) . This 
method  was  first  applied  by  Moths  in  the  Alps  and  later  by  Wegener  from  1929  to  1931  in  Greenland. 
Thus,  assuming  the  velocity  of  the  fastest  waves  of  the  acoustic  type  to  be  3,720  m/sec,  the 
Wegener  expedition  in  1931  obtained  for  Greenland  ice  a thickness  of  2500  to  2700  m above  the  level 
of  the  basic  continental  rocks  buried  under  the  ice. 

In  1932-1933,  the  same  method  for  measuring  the  thickness  of  continental  ice  was  adopted  by 
Ermoliaev  on  the  northern  island  of  Novaia  Zemlya  at  which  time  the  following  results  were 
obtained: 

Thickness  of  ice  cover  up  to  600  m, 

Velocity  of  longitudinal  waves  up  to  4000  m/sec, 

Velocity  of  transverse  waves  up  to  1,  850  m/sec. 


LITERATURE:  25,  62,  77,  113,  114,  152. 
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Section  76.  The  Influence  of  Temperature  and  Continuous  Pressure 

Temperature  has  a considerable  effect  on  the  ability  of  ice  to  undergo  all  sorts  of  deforma- 
tions. This  property  is  shown  very  clearly  in  relation  to  the  hardness  of  ice. 

Andrews  computed  the  relative  hardness  of  ice  by  comparing  the  depth  of  penetration  of  a 
polished  rod  into  ice  at  different  temperatures  with  the  depth  of  penetration  of  the  same  rod  into  ice, 
the  temperature  of  which  equals  0°. 


The  same  experiments  were  conducted  by  Royen  with  a solid,  transparent  sea  ice  in  which  the 
pressure  in  all  the  experiments  was  applied  parallel  to  the  plane  of  freezing.  As  a result  of  his 
experiments,  Royen  presented  the  formula 


where  c is  the  relative  compression, 

k ^ is  the  constant  coefficient  for  a given  sample, 
t is  the  temperature  of  the  ice. 

Table  59  was  computed  according  to  formula  (1). 

TABLE  59.  THE  PENETRABILITY  OF  ICE  AT  DIFFERENT  TEMPERATURES  EXPRESSED 
IN  PERCENTAGES  PENETRATION  AT  0° 

Temperature  in  °C  ...  0 1 2 3 4 5 6 7 8 9 10  15  20  30 

Percentage 100  50  33  25  20  17  14  12  11  10  9 7 5 3 

Komarovskii,  who  compared  the  results  of  Andrew's  experiments  (solid  curve)  figure  61  and 
the  computations  according  to  Royen's  formula  (dashed  curve)  notes  there  is  almost  complete 


Figure  61.  The  compression  of  ice  of  different 

temperatures  under  the  effect  of  con- 
stant pressure  during  identical  per- 
iods of  time  according  to  the  experi- 
ments of  Andrew  ( — ) and  according 
to  Royen's  formula  ( — ). 
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It  becomes  apparent  in  figure  61  that  the  resistance  of  ice  to  penetration  increases  very 
rapidly  with  a decrease  in  temperature  to  -9°  C,  and  hardly  changes  with  a further  decrease  in 
temperature. 

As  a result  of  Investigation  into  the  effect  of  continuous  pressure  on  the  deformation  of  ice, 
Royer  presented  the  formula 

3 

e2  = *2  VT  , (2) 

where  T is  the  duration  of  pressure  in  hours, 

k is  the  constant  for  a given  sample  of  ice, 

«2  is  the  relative  deformation  of  the  ice. 

The  deformation  of  ice  also  changes  in  connection  with  a change  in  load.  In  determining  this 
dependence,  Royen  conducted  a series  of  experiments  with  paraffin,  and  considering  it  possible  to 
extend  the  obtained  results  to  ice,  offered  the  formula 


e,  = 


k2a 


(3) 


where 


<T{,  O 

is  the  constant  for  a given  sample  of  ice, 
a is  the  compressive  stress, 

is  the  breaking  compressive  stress  (plastic  limit). 

If  the  compressive  stress  is  considerably  less  than  the  plastic  limit,  inasmuch  as  the  limit  of 
plasticity  is  constant  for  a given  sample,  this  formula  can  be  simplified  and  appears  as 

e4  = k,o, 


(4) 


<*0 


Incorporating  the  effective  temperature,  duration,  and  the  amount  of  load,  Royen  suggested  the 
following  general  formula: 

e = kri 

1 —t  > 


where  e is  the  relative  plastic  deformation  during  compression, 

k is  the  constant  for  a given  sample,  fluctuating  during  experiments  within  the 
limits  of  60  x 10"®  to  90  x 10-®, 

a is  the  compressive  stress  in  kg/cm2, 

T is  the  loading  time  in  hours, 

t is  the  average  temperature  of  the  ice. 

LITERATURE:  25,  62,  89,  169. 


(5) 
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Section  77.  The  Plastic  Limit 

As  has  already  been  pointed  out,  the  plastic  limit,  In  practice,  Is  the  most  Important  charac- 
teristic of  the  mechanical  properties  of  ice. 

Actually,  a knowledge  of  the  limit  of  plasticity  is  necessary  for  computing  the  work  of  ice- 
breakers, for  constructing  ice-crossings  and  aerodromes,  etc. 

According  to  Veinberg,  the  average  limits  of  plasticity  of  fresh  ice  (after  they  were  reduced 
to  a temperature  of  -3°)  obtained  by  different  investigators  vary  as  follows: 

2 

for  compression  from  12.4  to  123  kg/cm  , 

2 

for  flexure  from  1.4  to  59. 6 kg/cm  , 

2 

for  breaking  (average  of  235  tests)  11. 1 kg/cm  , 

2 

for  shearing  (average  of  111  tests)  5.8  kg/cm  , 

/ 2 

for  torsion  (average  of  9 tests)  5. 1 kg/cm  . 

Veinberg  made  his  reductions  to  a temperature  of  -3°  according  to  table  60  from  which  it  can 
be  seen  that  the  temperature  affects  the  strength  of  ice  less  than  as  is  indicated  by  Royen's 
formula. 


TABLE  60.  COEFFICIENTS  FOR  REDUCING  ICE  RESISTANCE  TO  A 
TEMPERATURE  OF  -3° 


°c  . . . . 

0 

-3 

-5 

-10 

-15 

-20 

-25 

-30 

-3 

u :o 

0.87 

1.00 

1.05 

1.  19 

1.28 

1.35 

1.41 

1.45 

r 


As  Veinberg  indicates,  all  the  values  which  have  been  presented  were  obtained  for  static 
loading.  With  dynamic  loading  (a  blow)  Nazarov  obtained  a limit  of  plasticity  near  5 kg/cm  for 
fresh  and  low  salinity  ice. 

Table  61  gives  the  results  of  certain  tests  of  fresh  ice  for  flexure  at  different  temperatures; 
the  effect  of  temperature  can  be  seen  very  clearly  from  these  results. 

The  tests  of  artificially  prepared  ice  conducted  by  Makarov  have  shown  that  the  limits  of 
plasticity  during  the  compression  of  sea  ice  increase  with  a decrease  of  temperature  and  salinity  of 
sea  ice  (table  62).  During  the  voyage  on  the  Sedov  in  1934,  Bruns  and  Beriugin  (the  latter  after  his 
winter  at  Cape  Zhelaniia)  made  large  scale  determinations  of  the  limit  of  plasticity.  For  example, 
at  this  time  as  a result  of  25  determinations  of  the  limits  of  plasticity  of  fresh,  transparent  ice 
(composing  the  upper  part  of  an  ice  flow)  under  a load  directed  perpendicularly  to  the  plane  of 
freezing  proved  to  be,  on  an  average,  almost  twice  as  great  than  under  a load  directed  parallel  to 
the  plane.  For  ice,  even  slightly  saline,  the  ratio  of  the  perpendicular  to  parallel  load  decreased 
and  approached  unity  for  summer  ice  which  was  considerably  wasted  by  melting.  On  an  average, 
of  the  many  hundreds  of  determinations  of  the  limit  of  plasticity  of  sea  ice  formed  during  calm 
growth  (without  any  sort  of  hummocking)  this  ratio  proved  to  be  1 . 24  (table  63) . 
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TABLE  61.  THE  LIMIT  OF  PLASTICITY  OF  ICE  FOR  FLEXURE  IN 
KG/ CM2  AS  A FUNCTION  OF  TEMPERATURE 


Temperature 
in  °C 

Korzhavin 

Whitman 

Arnold- 

Aliabev 

Veinberg 

0 

70 

80 

93 

100 

- 5 

148 

150 

140 

124 

-10 

224 

190 

177 

140 

-20 

— 

— 

238 

160 

TABLE  62.  THE  LIMIT  OF  PLASTICITY  FOR  COMPRESSION  OF 
VARIOUS  TYPES  OF  ICE 


Type  of  Ice 


From  river  water 

From  river  water 

From  slightly  saline  water 
From  slightly  saline  water 

From  saline  water 

From  saline  water 


Temperature 
in  °C 


The  Layer 
Depths  From 
the  Surface 
in  cm 


0-  15 

34.9 

15-  30 

41.1 

1 

30-  45 

40.5 

45-  60 

41.9 

60-  75 

40.  6 

75-  90 

43.6 

90-105 

48.0 

105-120 

46.6 

Average 

42.1 

TABLE  63.  AVERAGE  LIMITS  OF  PLASTICITY  IN  KG/CM2 


For  Compression 

Perpendicular  Parallel 

to  the  to  the 

Surface  Surface 


Table  63  shows  the  limit  of  plasticity  for  fracturing,  determined  for  the  same  layers  for 
which  the  limit  of  plasticity  of  compression  was  determined  for  one  of  the  series  of  tests . 

Each  value  in  this  table  is  an  average  of  at  least  100  determinations . In  the  majority  of 
cases,  the  number  of  determinations  was  greater,  and  in  some  cases  dealing  with  the  limit  of 
plasticity  during  compression,  the  number  of  determinations  used  in  determining  values  in  the 
table  exceeded  300.  Thus,  the  averages  given  in  the  lower  part  of  the  table  are  averages  of  many 
hundreds  of  determinations.  The  air  temperature  during  the  test  was  from  -2°  to  -22° , however 
no  obvious  interrelationship  between  the  temperature  and  the  limit  of  plasticity  could  be  established. 
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1 ■ mm 


All  of  the  determinations  were  made  with  samples  of  Ice  taken  from  shore  fast  Ice  which  had  not 
undergone  any  movements  during  the  winter. 

Table  64  gives  the  results  of  the  limit  of  plasticity  of  sea  Ice  In  flexure,  conducted  by 
Arnold-Aliabev. 

TABLE  64.  LIMIT  OF  PLASTICITY  OF  SEA  ICE  IN  FLEXURE  IN  KG/CM2 


Temperature 
In  °C 


0.3 

1.0 

I. 7 
4.4 

7.0 

8.0 

9.0 

II. 5 
-18.5 


Minimum 


4 

3 

4 
4 
7 
4 
9 
9 

10 


Maximum 


8 

6 

8 

14 

10 

16 

13 
16 

14 


Number  of 
Tests 


31 

25 

8 

7 

3 

30 

12 

11 

3 


Besides  the  table,  Arnold- Aliabev  presented  the  following  formula 


= 4. 7 - 0. 96  f - 0.  31 1 , 


(1) 


2 

where  3 j is  the  limit  of  plasticity  of  ice  in  kg/cm  . 


As  Arnold-Aliabev  indicates,  If  the  deviation  due  to  Ice  salinity  is  removed,  it  is  possible  to 
obtain  the  following  formula: 


W - V = 0. 15  s.  - 0.34, 
1 1 


(2) 


where  Wx  is  the  amount  computed  according  to  formula  (1),  Si  is  the  salinity  of  the  ice. 

In  the  theory  of  resistance  of  materials  it  is  considered  that  the  effect  of  local  faults-cracks, 
faults  and  Interlayers  of  various  sorts  of  sufficiently  plastic  substance,  is  rented  in  a decrea 
of  strength  as  well  as  a decrease  in  the  cross  section  of  the  samples  being  tested.  The  same 
allowance  can  be  applied  to  the  salt  cells  and  the  air  pores  included  in  sea  ice. 

Arnold-Aliabev  investigated  28  samples  of  ice  from  the  Gulf  of  Finland  for  breads  in  which 
the  air  content  had  been  determined  previously.  The  results  of  these  tests  are  Pre8ent^ 
figure  62  from  which  it  can  be  seen  that  with  a decrease  in  the  air  content,  the  limit  of  plasticity 
luce  rises  considerably,  varying  from  10  to  25  kg/cm2  at  air  temperatures  from  -5  to  -7  . 

According  to  the  observations  by  the  above  author,  the  ice  of  the  Barents  Sea  yielded  a limit 
of  plasticity  during  breaking  of  only  8 to  12  kg/cm2  with  a considerably  greater  air  content  (and 
higher  salinity)  at  a temperature  of  -5°. 

t Hiirikov  assuming  that  the  bubble  spaces  are  either  spherical  (which,  in  his 
in  ice  at  low  temneratures  and  porosity)  or  cylindrical  forms  (during  the  summer), 

jl*.  «<•  ■>.—«  >» 

laatlcitv  of  ice  during  breakage  and  compression  in  comparison  with  the  same  amounts  for  ol 

A comparison  of  the  theoretical  computations  with  the  actual  measurements  yielded  quite  good  resu  s. 
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cm3  kg 


10  IS  20  25  kg  cm2 


RESISTANCE  TO  BREAKAGE 

Figure  62.  Limit  of  plasticity  during  breakage  of  ice  with  different 
air  contents. 

LITERATURE:  9,  2f>,  62,  101,  136. 


Section  78  The  Effect  of  Thickness,  Temperature  and  Salinity 

on  Flexural  Strength 

We  have  seen  that  ice  lias  an  extremely  small  limit  of  elasticity  and  is  extremely  hetero- 
geneous along  its  vertical  plane.  Because  of  this,  formulas  based  on  the  theory  of  elasticity  can 
!>*'  applied  to  it  only  with  considerable  qualifications.  Keeping  these  qualifications  in  mind,  let  us 
apply  the  formula  which  arises  from  the  theory  of  resistance  of  substances  to  a case  of  flexure, 
namely: 

r i //? 

(J 

where  ; is  the  weight  of  the  load  placed  on  the  ice,  h is  the  thickness  of  the  ice. 

From  formula  (l)  it  follows  that  an  increase  in  ice  thickness  will  increase  the  ability  of  the 
Ice  to  resist  flexure,  e.  g.  , a 2- fold  increase  in  thickness  results  in  a 4-fold  Increase  in  flexural 
strength. 

If  we  know  from  experiments  the  load  which  an  ice  of  certain  properties  and  thickness  can 
support,  we  can,  by  using  formula  (1).  compute  the  thickness  of  the  ice  of  the  same  properties 
which  would  support  any  other  load. 

Thus  from  formula  (I)  Korunov  arrives  ai  the  follow  ing  formulas  for  fresh  ice: 

A - >0  /P. 


where  h is  the  thickness  of  the  fresh  Ice  in  centimeters,  r is  the  weight  of  a concentrated  load  In 
tons. 
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It  should  lie  noted  that  the  Initial  data  from  formulas  (2)  and  (3)  were  obtained  for  ice  whose 
temperature  was  near  -10°.  Tests  have  not  yet  revealed  the  temperature  dependence  of  the 
flexural  strength  of  ice.  If  one  assumes  that  this  dependence  is  proportional  to  the  temperature 
dependence  of  the  compressive  strength,  one  may  use  Royen's  formula  which  already  has  been 
given  in  Section  70: 

1 — t 

n~  k ’ <«> 

where  o is  the  normal  load.  > is  the  coefficient  characterizing  the  ice,  1 is  the  temperature. 


Hut  inasmuch  as  the  normal  loads  are  inversely  proportional  to  the  square  of  the  thickness, 
we  obtain  from  formula  (4) 


hi  1 — /, 


It  is  clear  that  if  we  make  use  of  the  coefficients  of  formulas  (2)  and  (3)  and  consider  that 
these  coefficients  are  obtained  at  an  ice  temperature  of  -9°,  we  obtain  from  formulas  (2)  (3)  and 

(5):  / 


Pi  ~ 


h 3 1 — / 

100  10 


(6) 

(7) 


where  s t is  the  thickness  of  the  ice  at  temperature  i , capable  of  supporting  a load  p,  p,  is  the 
weight  of  the  load  supported  by  the  ice  of  thickness  h and  temperature  t . 


In  actual  work  it  is  very  difficult  to  determine  the  temperature  of  the  ice,  especially  sea  ice, 
since  the  vertical  distribution  of  the  temperature  is  a complex  and  variable  curve.  Because  of 
this,  it  is  recommended  that  the  average  air  temperature  for  the  last  10  days  be  used  instead  of  ice 
temperature. 


For  sea  ice  of  about  0 o/oo  salinity  and  -9"  temperature,  I consider  it  possible  to  assume 


hs  = 16  \fp, 


(8) 

(9) 


It  develops  from  the  comparison  of  formulas  (2)  and  (8)  that  Winter  sea  ice  should  be  1.6 
times  thicker  than  fresh  in  order  to  support  the  same  load. 


Inasmuch  as  the  salinity  of  sea  ice  to  which  I consider  formulas  (8)  and  (9)  applicable,  is 
about  f»  o/oo,  we  can  with  a certain  approximation  write 

h,  =/i«(l  +0.IS,),  (10) 

where  is  the  salinity  of  sea  ice. 

But  on  an  average,  the  salinity  of  sea  ice  is  about  5 times  less  than  the  salinity  of  the  water 
from  which  the  ice  had  been  formed.  Hence  it  follows  that  the  thickness  of  the  sea  ice  which  sup- 
ports the  same  load  as  fresh  ice  would  be  equal  to 

hs  =(1  +0.02S)//0,  (ii) 


where  is  the  salinity  of  the  sea  water  from  which  the  ice  had  formed. 
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In  a still  more  rough  approximation,  it  can  be  considered  that  for  the  salty  lc^  of  the  white 
arctic  and  far  eastern  seas, 

/lj  = 1.6  IIq\ 


02) 


for  the  slightly  saline  ice  of  the  Gulf  of  Finland,  the  Sea  of  Azov  nnd  the  northern  part  of  the 
Caspian  Sea 

h,  - 1.3  h0. 

Now  combining  the  approximate  formulas  we  obtain 


(13) 


/»„  = (!  +0.1  S,)  10  ]/  , 

h1  1 — t 1 

Pl'  100  10  ( 1 + o7l  S,)1  ’ 


(14) 

(15) 


where  h ts  is  the  thickness  of  the  ice  at  temperature  t and  salinity  supporting  a load  n.  p , s is 
the  weight  of  the  concentrated  load  in  tons  which  can  be  supported  by  the  ice,  at  temperature  t and 
with  salinity  S’ j,  h is  the  thickness  in  cm  of  fresh  ice,  whose  temperature  was  -9°,  S,.  is  the 
salinity  of  the  ice,  and  t is  the  temperature  of  the  ice. 

If  the  temperuture  of  the  ice  is  -15°,  the  salinity  5 o/oo  and  the  thickness  50  cm,  according 
to  formula  (15)  we  find  that  the  load  is  about  21  m. 

LITERATURE:  76,  91. 


Section  79.  Flexure  of  Ice  Under  Load 

As  has  already  been  noted,  ice  has  plasticity  under  comparatively  small  loads,  bends  and 
changes  its  form,  but  does  not  break. 

One  can  walk  on  fresh  ice  4 to  5 cm  thick  and  sea  ice  5 to  6 cm  thick  at  which  time  the  surface 
of  the  ice  is  springy  underfoot.  An  Impression  is  created  that  one  is  walking  over  tightly  stretched 
hide,  A blow  on  such  a surface,  if  the  ice  is  not  broken  by  It,  causes  the  formation  of  concentric 
waves  on  the  surface  of  young  ice.* 

The  flexure  of  ice  can  also  be  observed  during  tidal  fluctuations  of  the  sen  level  along  the 
shores,  and  especially  near  cliffs  rising  out  of  the  water.  The  phenomenon  is  expressed  in  the 
form  of  a concave  surface  during  outgoing  tide  and  a convex  surface  during  Incoming  tide  and  the 
ice  far  from  shore,  bending  in  conformity  with  the  incoming  tidal  wave,  does  not  crack. 

The  flexure  of  Ice  is  most  clearly  shown  under  the  weight  of  loads  placed  upon  it.  Figure  63 
shows  (according  to  Bernstein)  the  sagging  of  ice  under  a railroad  car  on  tracks  laid  on  river  ice. 


♦It  has  often  been  observed  that  when  a sea  wave  enters  a gulf  or  bay  covered  with  thin,  young 
ice,  it  is  propagated  in  the  form  of  a swell  for  some  distance  into  the  bay  and  ice  10  cm  thick  bends 
In  the  form  of  the  swell. 
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The  distance  In  meters  from  the  axis  of  the  load  is  plotted  along  the  horizontal,  and  along  the 
vertical,  the  specific  "sag"  is  plotted  which,  according  to  Bernstein,  is  the  ratio  of  the  length 
vector  of  sag  in  mm  to  the  weight  of  the  load  in  tons. 

METERS 

SO  40  SO  20  10  0 to  20  30  40  SO 


y | « 
£ z 
u = Q, 


1.  INITIAL  LOAD 

2.  WITHIN  ONE  HOUR 

3.  UNLOADED 

4 WITHIN  10  MINUTES 
AFTER  UNLOADING 


Figure  63.  Ice  sag  under  a load  with  time. 

It  can  be  seen  from  the  figure  that  after  loading,  the  vectors  of  sag  increase  (attaining,  as 
Bernstein  says,  double  and  even  triple  amounts  in  the  course  of  three  hours)  and  then  does  not  in- 
crease any  more  in  the  course  of  the  following  9 to  10  hours.  After  unloading,  the  sag  is  very 
quickly  aniost  eradicated  and  only  a very  small  residual  deformation  remains. 

Figure  64  is  a graph  of  ice  flexure  on  29  January,  1942  for  a r>2  ton  locomotive  on  a rallraod 
ice  crossing  of  the  Kuznechikha  River  in  Archangelsk. 


SECONDS 

0 fO  20  30  40  50  60  70  80  90  !00  HO  120 


Figure  64.  Ice  flexure  on  the  Kuznechikha  River,  29  January  1942 
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The  vectors  of  sag  in  mm  are  plotted  along  the  Y-axis  and  the  time  in  seconds  along  the 
X-axis.  The  figure  shows  clearly  the  peculiarity  of  all  flexures  during  motion,  namely:  the  front 
incline  of  the  curve  of  sag  is  steeper  than  the  rear.  I explain  this  phenomenon  by  the  fact  that 
during  the  movement  of  a load,  inertial  forces  act  in  a direction  opposite  to  the  direction  of  the 
movement.  As  a result  of  this,  ice  flexure  is  retarded  in  front  of  the  load  and  the  straightening 
out  of  the  ice  is  retarded  behind  the  load. 

As  a result,  while  the  load  is  moving,  the  curve  of  sag  ceases  to  be  symmetrical.  Its  front 
incline  is  steeper  than  the  rear,  and  this  difference  is  greater,  the  greater  the  velocity  of  the 
movements. 


t 

Figure  65.  Oscillation  of  the  ice  on  Kuznechikha 
River  to  January,  1942. 

Figure  65  shows  the  ice  sag  during  the  2 January,  1942  crossing  of  an  electric  train  and  a 
loaded  car  (total  weight,  74  tons)  across  the  same  crossing.  The  following  was  recorded  by  a level 
at  the  time  of  this  crossing:  at  first  the  leveling  rod  set  up  on  the  tracks,  dropped  3 mm,  then  rose 
28  mm,  and  at  the  instant  the  unit  crossed  it  fell  to  128  mm,  and  then  after  several  small  oscilla- 
tions the  rod  proved  to  be  8 mm  lower  than  the  initial  position  (residual  deformation).  The  smallest 
thickness  of  ice  at  the  time  of  this  crossing  was  46  cm.  The  speed  of  the  crossing  was  15-20 
km/hour. 

We  will  notice  the  basic  difference  when  we  compare  figures  64  and  65.  The  graph  obtained 
on  29  January  1942  at  a low  speed  of  movement  (about  3 km/hour)  shows  no  oscillations  in  the  ice; 
with  a high  speed  of  movement,  the  wave-like  deflections  of  ice  can  easily  be  seen  on  the  graph 
2 January  1942.  This  phenomenon  is  explained  by  the  fact  that  the  ice  deflection  is  transmitted  by 
the  water  and  the  waves  in  the  ice  are  a result  of  the  waves  which  had  formed  in  the  water  under 
the  Ice. 

I consider  that  the  wave-like  deflections  of  the  ice  noted  on  2 January,  1942  on  the 
Kuznechikha  River  are  explained,  namely  by  this  fact.  The  load,  when  moving  from  the  shore  to 
the  ice,  bends  it  so  that  a singular  angled  basin  develops  in  the  ice  under  the  weight  of  the  load. 

This  basin,  with  its  angular  sides,  is  moving  in  space  and  compressing  the  water  in  its  path, 
creates  waves  in  the  latter  which  in  their  turn,  moving  in  space  according  to  general  laws,  force 
the  ice  to  bend  in  conformity  with  their  shape. 
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It  Is  not  hard  to  Her  that  with  the  advancing  movement  of  the  load,  and  consequently  of  the 
basin  of  deflection,  ship-tike  waves  (in  cache  Ion,  cross  waves,  etc. ,)  will  be  created  in  the  water 
near  it,  which  are  also  transmitted  through  the  ice. 

The  deflection  of  Ice  under  the  weight  of  a load  is  ordinarily  compared  to  the  problem  of  the 
deflection  ol  an  elastic  plate  on  an  clastic  foundation.  Hut  this  problem  presupposes  uniformity  of 
the  plate  and  ice  is  extremely  heterogeneous,  both  vertically  and  horizontally.  The  vertical 
distribution  of  temperature  in  natural  ice  is  extremely  peculiar  and  changeable,  and  all  the 
mechanical  properties  of  ice  are  functions  of  the  temperature.  The  crux  of  the  matter  is  that  when 
solMng  the  problem  ot  an  elastic  plate  on  an  elastic  foundation  it  is  supposed  that  the  load  does  not 
exceed  the  elastic  limit.  Hid  the  elastic  limit  of  ice,  as  we  have  seen,  is  so  small  that  ice  should 
be  considered  a plastic,  frangible  body,  furthermore,  in  practice  in  constructing  and  using  Ice 
crossings  and  ice  airdromes,  for  instance,  the  type  of  ice  deflection  is  important  not  near  the 
limit  of  elasticity  but  rather  near  the  limit  of  plasticity.  Finally,  when  loads  are  moved  on  ice,  the 
ice  deflects  in  conformity  with  the  water”  wave  which  forms  under  it  All  these  facts  taken  to- 
gether create  unusual  difficulties  for  a mathematical  analysis  and  make  it  necessary  to  have  re- 
course to  formulas  which  even  though  approximate,  still  satisfy  the  practical  requirements. 

Kxamintng  the  graphs  from  this  point  of  view  , we  see  that  ihe  curves  ot  deflection  are  very 
similar  lo  logarithmic  curves.  Such  a view  of  the  curves  is  also  supported  by  certain  theoretical 
conceptions. 

Actually,  let  us  assume  that  the  load  is  placed  on  an  ice  field,  whose  horizontal  dimensions 
can  be  considered  infinite  (figure  66).  The  ice  will  deflect  somewhat  under  the  weight  of  this  load 
whereupon  the  maximum  deflection  w ill  be  at  Ihe  point  ol  application  ol  the  load  and  to  all  sides  of 
this  point  the  deflection  will  decrease  according  to  a certain  law.  In  order  to  establish  this  law, 

1 make  the  following  recommendations: 

1.  After  equilibrium  is  established  the  curve  of  deflection  of  the  ice  duo  to  a load  has  no 
points  ol  inflection.  This  assumption  is  completely  natural,  keeping  in  mind  the  properties  of  fee. 

”,  The  decrease  in  amount  of  deflection  from  the  point  of  application  of  the  load  in  a direction 
toward  the  periphery,  is  proportional  to  the  deflection  at  the  load  site  and  the  increase  in  distance 
from  the  load. 

The  volume  of  the  deflection,  equal  to  the  volume  of  the  water  displaced,  stabilizes  the  weight 
of  the  load.  This  assumption  clearly  excludes  certain  properties  of  ice,  but  simplifies  the  calcula- 
tions considerably. 

In  agreement  with  the  second  assumption  we  obtain 

ilz>=  — k:dx,  (1) 

where  ::  is  the  arrow  vector  of  deflect  ion,  .r  is  the  horizontal  distance,  and  > is  the  coefficient  of 
proportionality  which  is  called  the  coefficient  of  deflection. 

After  integrating,  we  obtained 


where  • is  the  length  of  the  vector  of  displacement  at  the  origin  of  the  coordinate  (at  the  point  of 
application  of  the  load). 
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Figure  66.  Ice  deflection  under  a concentrated  load. 


We  should  remember  that  the  curve  deflection  of  an  elastic  plate  on  an  elastic  foundation  is 
horizontal  under  the  load,  but  its  branches,  extending  into  infinity  are  wave-like.  The  latter  con- 
tradicts the  properties  of  ice  under  a static  load  and  the  appearance  of  the  curves  obtained  during 
observations.  Actually,  any  displacement  of  ice  disappears  within  time  due  to  the  effect  of  isostatic 
forces.  On  the  other  hand,  when  ice  deflections  are  in  conformity  with  the  logarithmic  curve,  a 
sharp  break  of  the  ice  under  the  weight  itself  is  obtained.  This  fact  arouses  doubt  as  to  the  legality 
of  the  assumptions  made.  Nevertheless,  I personally  allow  that  on  the  lower  surface  of  the  ice, 
cracks  might  even  form  under  the  weight  of  the  load,  which  is  not  permissible  for  an  elastic  plate, 
but  for  ice,  keeping  in  mind  its  properties,  is  not  catastrophic.  Actually,  the  cracks  which  are 
formed  are  filled  with  water  which  freezes  immediately  on  contact  with  the  cold  internal  layers  of 
the  ice.  But,  of  course,  the  main  conclusion  in  favor  of  the  suppositions  made  is  the  fact  that  the 
observed  curves  resemble  logarithmic  ones.  They  are  all  convex  upwards  whereas  the  elastic- 
plate  bends  with  the  convex  surface  downward  a short  distance  from  the  load. 

In  addition  to  the  material  which  has  been  given,  I present  certain  results  of  investigations 
sent  to  me  by  G.  lu.  Vereshchagin  which  were  conducted  on  the  ice  of  Lake  Baikal  by  the  Baikal 
Station  of  the  Academy  of  Sciences  in  1941  and  1942.  These  investigations,  in  particular,  consisted 
in  determining  the  magnitudes  of  deflections  under  loads  of  various  forms  and  magnitude  up  to 
loads  that  broke  through  the  ice,  which,  understandably,  is  of  greatest  practical  interest.  ^ 
magnitudes  of  deflections  were  measured  at  4 points  on  the  same  radius,  beginning  from 
periphery  of  the  load  itself.  The  following  was  observed: 

1.  With  a gradually  increasing  load,  the  magnitudes  of  the  deflections  first  increase  slowly 
and  evenly,  and  then  discontinuously  with  a simultaneous  appearance  of  cracks  especially  near  the 
load,  and  finally  very  rapidly  just  before  the  load  breaks  through  the  ice. 

2.  The  magnitude  of  the  deflections  computed  for  a unit  of  distance,  decreased  in  a direction 
away  from  the  load  toward  the  periphery. 

3.  When  the  load  was  first  applied,  a certain  swelling  of  the  ice  was  observed  at  some  dis- 
tance from  the  loads.  This  swelling  gradually  decreased  with  further  increase  in  the  load'. 

4.  After  the  load  was  increased  to  a certain  amount,  the  appearance  of  radial  and  concentric 
cracks  was  observed  along  the  upper  surface  of  the  ice.  The  concentric  cracks  approximately 
duplicated  the  outlines  of  the  load;  they  were  circular  under  cylindrical  loads.  The  cracks  close 
to  the  load  went  all  the  way  through  before  the  load  broke  through. 
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5.  The  form  and  size  of  the  breakthrough  duplicated  the  form  and  size  of  the  load  almost 
exactly. 

Vereshchagin  said  in  his  letter  that  the  careful  measurements  of  ice  deflection  under  a load 
conducted  by  him  on  14  January  1944  on  the  ice  of  Lake  Baikal  confirmed  the  hypothesis  stated  by 
me. 


Even  by  the  time  the  present  book  was  being  printed,  I became  acquainted  with  certain  results 
of  measurements  of  ice  deflection  under  a load  conducted  by  Vatalin,  in  February- March,  1943  in 
the  Amurskic  Liman  Bay.  Vatalin  attempted  to  correlate  the  points  of  deflection  he  obtained,  with 
a theoretical  curve  of  the  deflection  of  an  elastic  plate,  on  an  elastic  foundation,  but  this  proved  to 
be  impossible.  However,  when  Vatalin' s measurements  were  averaged  for  each  distance  from  the 
center  of  the  load,  surprisingly  good  agreement  was  obtained  between  these  points  and  the  logarith- 
mic curve.  At  the  same  time,  I was  able  to  acquaint  myself  with  the  investigations  of  ice  deflec- 
tions along  railroad  and  truck  crossings  along  Severmaya  Dvina  conducted  by  Shishov  at  the  start  of 
1943. 


The  ice  deflections  observed  during  these  investigations,  according  to  my  computations,  also 
agree  well  with  logarithmic  curves.  Furthermore,  it  is  apparent  from  the  Vatalin  and  Shishov 
investigations  that  the  coefficient  of  deflection  decreases  with  an  increase  in  the  thickness  of  the 
Ice. 


Finally,  it  should  be  added  that  at  my  request,  Zvolinskii  rechecked  the  theoretic  basis  of 
ice  deflection  under  a load  and  it  was  found  that  if  both  the  elasticity  and  plasticity  of  ice  are  taken 
into  consideration  under  known  conditions  of  the  moduli  of  elasticity  and  shear,  the  curve  of  deflec- 
tion resembles  a logarithm. 

Thus,  on  the  basis  of  available  data,  it  is  considered  that  the  theory  of  deflection  of  an 
elastic  plate  on  an  elastic  foundation  is  not  applicable  to  the  case  of  ice  bending  under  a load,  and 
that  it  is  necessary  to  proceed  from  other  premises  in  order  to  obtain  a theoretical  basis  on  this 
question. 

In  agreement  with  the  third  assumption,  the  maximum  point  of  deflection  is  determined  by 
the  volume  of  the  body  formed  by  rotation  around  an  axis  OZ  of  a certain  area:  one  side  of  the  area 
is  the  axis  OX,  and  the  other  is  a logarithmic  curve  starting  at  the  point  of  application  of  the  load 
and  leading  into  infinity  which  gradually  approaches  the  axis  OX. 

The  area  included  between  the  logarithmic  curve  and  the  OX  and  OZ  axes  equals 

co 

= (3) 

o k 

The  volume  of  the  rotating  body  (around  the  07  axis),  formed  on  one  side  by  the  OX  axis,  and 
on  the  other,  by  the  logarithmic  curves  of  deflection,  is  equal  to 

*•  • 

= 2-.  (4) 

o k 1 

Accepting  that  the  density  of  water  equals  unity,  and  remembering  that,  the  volume  of  the 
displaced  water  should  equalize  the  load,  we  obtain 
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It  follows  from  formula  (5)  that  for  the  same  Ice  (the  same  coefficient  of  deflection)  the 
maximum  point  of  deflection  increases  in  proportion  to  the  increase  in  weight,  and  that  the  weight 
of  the  load  creating  this  maximum  point  of  deflection  is  inversely  proportional  to  the  square  of  the 
coefficient  of  deflection.  It  is  clear  that  the  value  of  the  coefficient  of  deflection  is  a function  of 
the  physical  properties  of  ice  and  its  thickness  and  that  the  smaller  the  coefficient  the  better,  in- 
asmuch as  in  this  case,  with  the  same  maximum  deflection,  the  ice  bends  more  smoothly. 

If  we  have  simultaneous  measurements  of  the  deflections  at  2 points  located  on  the  same  line 
with  the  point  of  application  of  the  load,  we  can  easily  compute  the  coefficient  of  deflection. 

From  25  corresponding  observations  on  the  Volga  River  which  I had  at  my  disposal,  I found 
as  an  average  that  h = 0. 1 reciprocal  meters  with  a maximum  of  0. 18  and  a minimum  of  0.  044.  A 
check  of  the  obtained  coefficient  of  deflection  by  means  of  observations  conducted  in  the  winter  of 
1941  and  1942  along  the  railroad  crossing  across  the  Kugrechikha  River  in  Archangelsk  brought 
about  no  changes. 

Formula  (5),  however,  does  not  take  into  consideration  the  area  occupied  by  the  load  and  the 
latter  has  a fundamental  importance  inasmuch  as  the  greater  the  area  over  which  the  load  is  dis- 
tributed, the  thinner  the  ice  may  be. 

Let  us  suppose  that  a rectangular  load  of  weight  p,  the  perimeter  of  which  equals  r and  the 
area  j,  is  placed  on  the  ice.  We  can  assume  that  the  lines  of  equal  deflections  will  pass,  as  shown 
in  figure  67,  namely:  at  the  comers  of  the  load,  they  will  be  circular  arcs  but  along  the  straight 
lines  of  the  contour  they  will  be  straight.  The  greatest  deflection,  understandably  will  travel 
according  to  the  contour  of  the  load. 


Figure  67.  Isolines  of  ice  sag  around  a 
rectangular  load. 


As  heretofore,  let  us  further  assume  that  the  volume  of  the  depressed  part  of  ice  will 
equalize  the  weight.  In  this  case  the  entire  depressed  volume  will  equal 

V=  (a  + b)  + 2°  ab' 


P = 


2j3 

k • 


(6) 


+ £ r+z0q, 


where  z 0 is  the  maximum  deflection  (near  the  contour  of  the  load),  and  a and  b are  the  sides  of  the 
rectangular  load. 
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The  first  member  of  the  right  part  of  formula  (6)  represents  the  volume  of  water  displaced  by 
the  load  at  the  corner  sectors  and  is  equal  to  the  volume  displaced  by  u certain  load  P , concen- 
trated at  one  point. 


The  second  member  Is  the  displaced  volume  of  water  located  opposite  the  sides  of  the  load. 
It  is  the  product  of  the  vertical  area  Included  between  the  deflection  curve  and  the  starting  level 
times  the  perimeter  of  the  load. 

The  third  member  represents  the  displaced  volume  of  water,  located  under  the  area  of  the 
load  Itself.  But  according  to  formula  (5) 


Substituting  in  formula  (6)  we  obtain 


|_  2r.  in 


Assuming  approximately  that  h » 0. 1 reciprocal  meters,  we  obtained 

P = Pc  (1  +0.02 r + 0.002<7), 

where  the  loads  are  expressed  in  tons,  and  lengths  in  meters. 


Considering  the  empirical  relationship  between  the  weight  of  the  concentrated  load,  the  thick- 
ness, the  temperature,  and  the  salinity  of  the  ice,  I obtained  the  following  formula  which  had  been 
tested  in  practice: 

— (I  f0.02r+ 0,002a), 

100  10  (1+0.1  Sj)' 

where  h is  the  thickness  of  the  ice  in  cm,  ' , is  the  temperature  of  the  ice,  and  S , is  the  salinity 
of  the  ice. 

LITERATURE:  17,  7(5,  77. 

Section  80.  External  Friction 

The  external  friction  of  ice  is  of  considerable  practical  Interest.  Arnold- Aliabev,  investi- 
gating the  external  friction  of  steel  against  ice  of  various  origins,  sub-divided  friction  in  the  fol- 
lowing manner: 


Type  of  Friction 


Nature  of  Friction 


1.  The  friction  of  rest  (static) 


3,  Dry  friction 


2.  The  friction  of  motion  (kinetic) 


4.  Moist  friction 


f>.  Self-lubricated  friction 


In  his  experiments,  Arnold- Aliabev  dragged  chunks  of  ice  across  steel  and  considered  that 

f-z 

p 
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where  * Is  the  coefficient  of  friction,  p is  the  weight  of  the  ice  related  to  a unit  of  surface,  and  F is 
the  weight  of  the  load  which  started  the  given  piece  into  motion  (through  a system  of  pulleys). 

As  a result  of  325  tests  of  Neva  River  ice  (4  samples  of  ice)  and  Baltic  Sea  ice  (5  samples)  and 
375  tests  of  Kara  Sea  ice  (8  samples),  Arnold-Aliabev  obtained  the  results  compiled  In  table  65. 

TABLE  65,  THE  COE FFICIENT  OF  EXTERNAL  FRICTION  OF  WET  ICE 


Ice 

(Neva  River) 

(Baltic  Sea) 

(Kara  Sea) 

Friction 

A 

B 

A 

B 

A 

B 

At  Rest 

0.15-0.25 

0.35-0.40 

0. 15-0.20 

- 

0.15-0.25 

0.30-0.35 

In  Motion 

0.  10-0. 15 

_ 

0. 10-0. 15 

0.  10-0.20 

0.20 

The  columns  in  the  table  deal  with  the  following:  with  an  unpainted  surface  and  with  a 
surface  painted  with  red  lead.  The  experiments  were  conducted  under  a positive  air  temperature 
and  therefore  the  friction  was  moist. 

The  results  presented  in  table  66  deal  with  experiments  conducted  with  ice  of  the  Baltic  Sea 
ami  unpainted  steel  at  a temperature  of  -5.3°:  therefore,  these  are  the  coefficients  for  the  case  of 
dry  friction. 


TABLE  66.  THE  COEFFICIENT  OF  EXTERNAL  FRICTION  OF  DRY  ICE 


Friction 

Coefficient 

At  Rest 

0.30-0.50 

In  Motion I 

0.03-0.50 

Arnold-Aliabev  notes  that  in  moist  friction,  the  friction  coefficient  at  rest  is  1.5  times 
greater  than  the  friction  coefficient  in  motion,  but  in  dry  friction  the  ratio  of  these  amounts  reaches 
10.  The  coefficients  of  moist  friction  for  ice  of  various  origins  hardly  differed  from  each  other. 
Figure  68  shows  the  relationship  of  the  frictional  coefficient  to  the  amount  of  load  expressed  in 
grams  per  square  centimeter.  Arnold-Aliabev  points  out  that  the  curves  of  the  same  form  are  ob- 
tained for  both  painted  and  clean  steel  and  are  inherent  to  various  ice  types. 


Figure  68.  Curve  of  ice-steel  friction  under  different  loads. 
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When  the  load  exceeds  120  to  130  g/cm2  the  friction  coefficient  at  rest  becomes  almost  equal 
to  the  friction  coefficient  in  motion  and  with  further  addition  of  weight,  hardly  differs  An  interest- 
ing observation  was  made  by  Alekseev  in  taking  off  an  airplane  weighing  5 5 tons  from  a snow  air- 
drome at  an  air  temperature  of  -25°.  With  the  ski  area  being  3. 10  x 0. 70  (2.  2 m2),  the  effort, 
according  to  the  dynometer  proved  to  be  2.  2 tons,  which  corresponds  to  a 0 40  coefficient  of 
friction.  Thus  the  laboratory  experiments  of  Arnold-Aliabev  are  confirmed. 

The  fact  that  the  external  friction  of  moist  ice  is  considerably  less  (1  '2  or  less)  that  the 
external  friction  oi  dry  ice,  explains  the  following  phenomenon.  A ship  grounded  on  the  ice  and 
unable  to  get  otf  shortly  after  becoming  grounded,  in  spite  of  a number  of  adopted  measures— 
reversed  engines,  rocking  the  ship,  throwing  anchors  out  on  the  ice,  etc.  , frequently  becomes  free 
ol  the  ice  after  several  hours  due  to  the  action  of  reversed  engines  exclusively.  The'  hull  of  the 
ship,  especially  ot  a metallic  one,  is  always  warmer  than  ice.  Aside  from  this,  the  ice  under  the 
ship  undergoes  pressure.  The  combined  action  of  temperature  and  pressure  melts  the  ice  at  the 
points  ot  contact  and  the  dry  friction  becomes  moist.  As  a result,  less  force  Is  necessary  to  free 
the  ship  from  the  ice.  Understandably,  what  has  been  said  relates  to  the  summer. 

LITERATURK:  «7,  77,  145. 


Section  81.  Fatigue 


It  Is  known  that  metallic  structures  loaded  with  fluctuating  loads,  under  certain  conditions 
lose  their  ability  to  withstand  the  deformation  and  are  destroyed  due  to  "fatigue.  " Fatigue  frac- 
tures ditter  from  the  usual  fractures  due  to  deformations— breakage— and  resemble  the  fractures 
ot  I Tangible  substances.  The  deformations  caused  in  ice  by  the  loads  transported  over  it  also 
creates  changes  in  the  internal  structure  of  the  ice.  These  deformations  consist  of  the  extrusion 
of  brine  and  air  bubbles  from  the  ice  which  makes  the  ice  more  monolithic,  and  of  the  formation 
ot  a multitude  of  tiny  though  noticeable  cracks  in  the  ice  which  weaken  it.  As  compared  with 
metals,  ice  at  usual  temperatures  possesses  exceptional  properties:  plasticity,  fluidity,  and  the 
ability  to  regelate.  In  connection  with  this,  after  the  pressure  ceases,  the  weakening  of  the  Ice  is 
compensated  for  by  a more  rapid  formation  of  ice  near  the  more  dangerous  cracks,  i e cracks 
completely  through  and  nearly  through  and  the  ice  gradually  re-establishes  its  mechanical  prop- 
erties, which  is  impossible  for  metals.  Thus,  the  term  "aging"  is  more  applicable  to  metals 
whereas  the  term  "fatigue"  is  more  applicable  to  ice. 

Hence,  the  movement  of  heavy  machine  loads  over  ice  should  be  curtailed  regularly  for  a 
certain  period  of  time  when  heavy  use  is  being  made  of  the  ice  crossing  use. 


LITERATURE:  07. 
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CHAPTER  VI 
ICE  ACCRETION 

Section  82.  The  Centers  of  Freezing 

All  observers  are  amazed  by  the  speed  with  which  the  initial  forms  of  ice  appear  on  the  sur- 
face of  the  sea  after  the  water  reaches  the  freezing  point.  At  several  degrees  below  freezing,  only 
a few  hours  are  required  for  the  ice  sludge  to  extend  as  far  as  the  eye  can  see;  after  several  more 
hours,  the  sludge  turns  into  nilas.  or  pancake  ice. 

However,  the  surface  layers  of  the  sea  never  cool  to  the  freezing  point  simultaneously  over 
the  entire  sea.  For  one  reason  or  another,  such  cooling  ends  in  certain  areas  earlier  than  in 
others,  and  then  from  these  areas,  as  from  centers  of  freezing,  it  expands  in  all  directions  but 
not  at  the  same  rate . 

When  making  theoretical  estimates  of  the  position  of  these  centers  of  freezing,  one  should 
consider  first  the  distribution,  at  the  given  moment,  of  the  freezing  indexes  in  the  sector  of  the 
sea  under  investigation,  and  secondly,  the  rate  of  cooling  of  the  sea. 

As  we  have  seen,  by  freezing  index,  we  mean  the  amount  of  heat  released  by  1 square  cm  of 
sea  surface  on  cooling  to  the  freezing  point.  In  the  given  instance,  let  us  use  the  term  "rate  of 
cooling”  to  indicate  the  decrease  of  the  freezing  index  per  unit  time,  as  a function  of  meteorological 
conditions  during  the  pre-winter  period. 

It  is  clear  that  the  time  interval  prior  to  the  appearance  of  the  initial  forms  of  ice  will  be 


where  q is  the  freezing  index  and  dq^/dT  is  the  rate  of  cooling. 

If  we  were  to  compute  the  intervals  of  time  prior  to  freezing  for  some  moment  at  points 
equally  distributed  over  the  area  of  the  sea,  and  then  draw  isolines  of  time  (isochrones),  the 
centers  of  freezing  would  be  located  at  the  points  where  the  time  interval  before  freezing  is 
minimum. 

From  the  formula,  it  follows  that  the  periods  of  time  before  freezing,  are  the  smaller,  the 
lower  the  freezing  index  and  the  higher  the  rate  of  cooling,  but,  of  course,  even  high  freezing 
indexes  can  be  quickly  destroyed  in  the  presence  of  a high  rate  of  cooling. 

As  we  have  seen,  other  conditions  being  equal,  the  freezing  index  is  the  smaller,  the  shal- 
lower the  location  the  lower  the  temperature  of  the  sea.  and  the  greater  the  vertical  salinity 
gradient  which  limits  the  distribution  of  vertical  winter  circulation.  Thus,  it  can  be  considered 
that,  generally,  the  freezing  index  is  smaller  in  shallow  water,  especially  offshore  (slight  depth), 
at  high  latitudes  and  near  ice  massifs  (low  water  temperature),  near  the  estuaries  of  rivers  and 
near  ice  massifs  (high  vertical  salinity  gradients). 


The  rate  of  cooling  la  generally  greater,  the  grcuter  the  temperature  difference  between 
water  and  air.  Aa  we  have  seen,  tide  difference  la  very  email  in  the  open  sea  and  reachea  lta 
great  eat  values  near  shore  and  ice  massifs,  when  the  winds  are  offshore  or  off  the  Ice.  Hence,  the 
highest  rate  of  cooling  should  be  expected  near  shore  during  offshore  winds  (the  land  cools  faster 
than  the  sea  in  the  pre-winter  period)  and  near  the  edge  of  the  Ice  with  a wind  off  the  Ice. 

By  comparison,  we  find  that,  other  conditions  being  equal,  ice  formation  at  sea  begins 
earliest  In  the  high  latitudes  (large  difference  in  the  air  ami  water  temperatures)  near  the  edge  of 
the  ice,  especially  during  an  off-ice  wind  and  amidst  ice  which  had  melted  during  the  summer  (high 
salinity  gradient  and  low  water  temperature),  near  shore  (shallow  water),  and  near  river  estuaries 
(shallow  water,  high  salinity  gradient  und  a higher  freezing  point  as  compared  with  sea  water). 

As  observations  have  shown,  the  freezing  dates  in  different  regions  of  the  Soviet  Arctic  vary 
from  year  to  year  within  extremely  broad  limits.  As  a rule,  freezing  begins  first  in  the  region 
near  the  I -ena  in  the  New  Siberian  Straits  (about  the  middle  of  October),  In  Vilkitskii  Strait  (in  the 
second  ten  days  of  October),  and,  after  this,  the  wave  of  freezing  spreads  from  these  regions  in 
both  directions  to  the  east  and  west  along  the  coasts. 

This  picture  of  freezing  is  particularly  characteristic  during  years  with  little  ice.  In  years 
with  much  ice,  froezing  which  spreads  from  the  ice  aggregates  that  still  remain  at  the  end  of 
summer  predominates,  and  at  first,  the  freezing  is  centered  in  these  aggregates.  The  floating 
floes  are  fused  very  quickly  by  young  ice,  and  turn  into  solid  ice  massifs  which  are  almost  impass- 
able. even  for  vessels  especially  adapted  for  navigation  through  ice.  This  last  factor  has  created 
a rule  among  arctic  men;  vessels  which  have  not  departed  from  the  ice  prior  to  (lie  start  of  freezing 
risk  remaining  in  the  ice  for  the  winter. 

The  freezing  of  the  Soviet  Arctic  seas  was  clarified  in  15)43  by  very  late  reconnaissance 
flights  ami  proved  to  be  quite  unique.  Kor  example,  on  26  October,  the  Laptev  Sea  was  still  com- 
pletely free  of  ice  between  75°  MO'  north  and  120*  cast,  and  77°  north  and  110°  oust.  It  should  be 
remembered  that  this  same  region  was  the  first  to  bo  clear  of  ice  in  the  spring  of  15)42.  On  20 
October,  during  reconnaissance  along  the  120th  meridian  up  to  8 1 ° 20'  north,  no  old  ice  was  ob- 
served and  the  entire  sea  was  covered  by  solid  ice  without  any  polynyas  or  hummocks,  in  spite  of 
quite  strong  winds.  A strip  of  clear  water,  discovered  by  a reconnaissance  flight  on  25  October, 
was  covered  with  gray  nilas.  According  to  the  aerial  reconnaissance  of  21  October,  the  entire 
Kara  Sea  north  of  72°  north  was  covered  by  level  young  ice  also  without  polynyas  or  hummocks. 
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Section  83.  Ice  Thickness  as  a Function  of  Air  Temperature 

After  the  surface  of  the  sea  is  covered  by  a continuous  ice  cover,  further  ice  accretion  from 
below,  during  calm  conditions,  takes  place  exclusively  due  to  heat  conductivity  through  the  ice  and 
the  snow  cover  and  can  be  computed  to  some  extent . 

Wcyprecht  conducted  the  first  systematic  observations  of  sou- ice  growth  due  to  heat  conduc- 
tivity during  a winter  in  Franz  Joseph  law!  (1873-1874).  From  these  observations.  Wcyprecht 
gave  the  relationship  between  the  number  of  freezing  degree-days,  i.e. . the  sum  of  the  mean  daily 
negative  air  temperatures,  and  the  thickness  in  centimeters  of  the  ice  which  hail  formed. 


Weyprecht  took  the  numbers  In  his  table  from  an  averaged  curve  obtained  from  observations 
at  three  points  and  extrapolated  for  higher  values.  Weyprecht's  data,  recomputed  from  the 
Reaumur  to  the  centrigrade  scale,  are  given  in  table  67. 


TABI.E  67.  ICE  THICKNESS  VS.  THE  NUMBER  OF  FREEZING  DEGREE- DAYS 
(ACCORDING  TO  WEYPRECHT) 


Freezing  degree  days 

500 

1000 

2000 

3000 

4000 

5000 

6000 

7000 

8000 

Ice  thickness  In  cm 

51 

80 

115 

145 

170 

189 

208 

222 

237 

The  question  of  ice  formation  due  to  heat  conductivity  was  later  developed  theoretically  by 
Stefan. 

The  elementary  amount  of  heat  released  by  the  water  to  the  air  per  unit  area  of  ice  in  time 
iT,  will  be  . 


where  i is  the  ice  thickness,  fr  is  the  heat  conductivity  of  ice,  and  B is  the  temperature  difference 
between  the  lower  and  the  upper  surfaces  of  the  ice. 


This  elementary  amount  of  heat  is  expended  on  the  formation  of  an  additional  ice  layer  d i 
thick.  Thus 

~dT  = ^ di, 

l 

where  A is  the  heat  of  crystallization,  and  6 Is  the  ice  density.  Integrating,  we  get 

T i 


a) 


(2) 


If  we  assume  that  the  temperature  difference  between  the  upper  and  the  lower  surfaces  of  the 
ice  remains  constant  for  the  time  interval  T,  formula  (2)  assumes  the  form 

XB/2 

W (3) 


R = er  = : 


All  the  values  in  this  formula  are  given  in  the  CGS  system . It  is  more  convenient  to  compute 
the  time  in  days,  as  Weyprecht  did.  For  this,  we  get 


R = 


XSi2 


2-86,400  k’ 

where  86,400  is  the  number  of  seconds  in  24  hours. 

If  we  set  k = 0.005  in  formula  (4),  we  obtain 

K=J2>  < = 3.5/7?. 


(4) 
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Stefan  also  recommended  that  this  expression  be  used  for  practical  purposes. 


1 computet!  table  68,  setting  \ SO  g-cal/g  and  6 = 0 9 in  formula  (4). 


TABLE  68.  NUMBER  OF  FREEZING  DEGREE-DAYS  REQUIRED  TO  FORM  ICE  i CM  THICK, 
WITH  DIFFERENT  HEAT  CONDUCTIVITY  VALUES 


5 

10 

25 

50 

75 

100 

150 

200 

300 

0.002  

5 j 

21 

129  j 

517 

1.  164 

2.070 

4,657 

8,280 

18,620 

0.003 1 

4 

14 

87 

347 

781 

1,389 

3, 125 

5,555 

12.492 

0. 004  

3 

10 

65 

260 

586 

1,042 

2.344 

4,  166 

9,374 

0.005  

2 

8 

57 

208  ! 

468 

833 

1,871 

3,333 

7,  500 

As  is  known  from  observations,  the  temperature  of  the  ice  surface  differs  little  from  the  air 
temperature,  while  the  temperature  of  the  lower  ice  surface  is  equal  to  the  temperature  of  the 
water  in  which  the  ice  forms.  Thus,  we  can  consider  the  value  /•;,  which  enters  into  formula  (4), 
as  the  sum  of  the  negative  air  temperatures,  or.  actually,  the  number  of  degree-days. 

As  Stefan  himself  admitted,  his  formula  is  not  entirely  accurate.  It  presupposes  that  the 
vertical  temperature  gradient  in  the  ice  is  constant,  whereas  the  temperature  changes  considerably 
faster  with  depth  in  the  upper  layers  of  the  ice  th;ui  in  the  lower  layers.  Further,  at  the  beginning 
of  spring,  the  air  temperature,  remaining  negative,  can  be  higher  than  the  temperature  of  the 
middle  layers  of  the  ice.  In  such  a case,  the  heat  of  crystallization  of  the  ice  layers  accreting 
from  below  will  be  expended  on  warming  the  middle  layers  of  the  ice  and  will  not  be  transferred  to 
the  atmosphere.  Taking  this  into  consideration,  Stefan  gave  a second  theoretical  formula,  namely: 


1 


(5) 


where  c is  the  specific  heat  of  ice  and  O'  is  the  temperature  of  the  ice  surface  at  the  end  of  time  T . 

This  formula  is  also  approximate,  inasmuch  as  the  expression  in  parentheses  gives  only  the 
first  two  terms  of  the  series  expansion.  However,  Stefan  recommended  that  this  formula  be  used 
for  spring,  although  he  notes  that  the  specific  heat  of  ice  is  low  compared  with  the  heat  of  crystal- 
lization and,  consequently,  the  second  term  of  the  expression  in  parentheses  is  small  compared 
with  the  first.  Stefan's  first  and  simpler  formula  can  be  used  to  draw  general  conclusions  if  we 
keep  in  mind  that  many  of  the  conditions  accompanying  ice  formation  at  sea  cannot  be  calculated. 

Furthermore,  it  should  be  kept  in  mind  that  the  rate  of  ice  accretion  in  nature  is  a function 
not  only  of  negative  air  temperature,  but  also  of  other  conditions,  such  as  solar  radiation,  atmos- 
pheric humidity,  wind,  amount  of  snow  on  the  ice  surface,  the  magnitude  of  oceanographic  gradients 
beneath  the  lower  surface  of  the  ice.  the  presence  or  absence  of  sea  currents,  etc.  Consequently, 
many  authors  have  followed  the  course  indicated  by  Weyprecht;  namely,  the  establishment  of 
empirical  relationships.  The  empirical  formulas  of  Baker,  Barnes.  Bydin  and  others  are  examples 
of  this. 
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Figure  70.  Air  temperature  ( — ).  number  of  freezing  degree-days  (-  -) 
and  ice  thickness  ( — ) near  Capo  Schmidt  in  the  Chuckchee 
Sea  during  the  winter  of  1936-1937. 

1 obtained  the  following  formula  by  processing  the  observations  of  ice  formation  on  Uyedine- 
niye  Island  (Qstrov  Uyedineniye)  during  1935-1936  and  on  Cape  Schmidt  (Mys  Schmidt)  during  1936- 
1937  (figure  70)  and  by  using  the  available  observations  made  by  certain  other  polar  stations  as  a 
control: 

<> 

i -*  50  i 8/t,  (6) 

Formula  (6)  pertains  to  average  conditions.  As  wo  shall  see  further,  the  thickness  of  ice 
accretion  depends  not  only  on  the  number  of  freezing  degree-days,  but  also  on  the  thickness  and 
density  of  the  snow,  and  also  on  the  time  when  the  given  snow  cover  formed,  on  the  distribution  of 
temperature  and  salinity  beneath  the  ice,  on  the  presence  or  absence  of  sea  currents,  and  on  many 
other  factors. 


0 Mt  4000  SOOO  9000 


FREEZING  DEGREE-DAYS 

Figure  71.  Ice  thickness  vs.  number  of  freezing  degree-days. 
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Figure  71  gives  curves  of  the  thickness  of  year-old  ice  as  a function  of  the  number  of  degree- 
days  computed  according  to  Stefan's  formula,  if  we  take  the  heat  of  crystallization  as  80  g-cal  and 
ice  density  as  0.9.  The  curves  were  constructed  for  heat  conductivities  of  ice  equal  to  0.002, 
0.003  . 0.004,  and  0.005  g-cal  sec*1  degrees  -1  cm-1.  The  same  diagram  shows  both  Weyprecht's 
and  my  empirical  curves.  It  can  be  seen  from  the  figure  that  the  empirical  formulas  agree  sur- 
prisingly well  with  Stefan's  theoretical  curve,  if  we  assume  in  the  latter  that  the  heat  conduc- 
tivity is  0.003,  or  more  correctly,  if  we  assume  that  Stefan's  formula  is  of  the  form 

R =0.14/*.  (7) 

Formula  (6)  was  used  for  further  deductions.  When  dealing  with  considerable  ice  incre- 
ments , from  (6)  we  get 


(/,  + Ai)*  + 50(/0  + A/)  = 8(/?  + A/?),  (8) 

whence 


A/ 1 + (50  + 2i0)  M = 8 A/?, 


(9) 


A/  = -(25  + /„)  + 1/(25  + t0)s  + 8A  R, 


(10) 


or.  since  i “ i 0 + Ai 


/ = - 25  + i/(25 + /0)*+8A/?,  (ll) 

where  Ai  is  the  increment  of  ice  which  was  ic  thick  at  the  initial  moment.  A/?  is  the  number  of 
degree-days  which  had  accumulated  from  the  moment  the  ice  became  i0  thick. 

TABLE  69.  ICE  INCREMENT  IN  CM  PER  24  HOUR  WITH  A GIVEN  NEGATIVE  AIR 
TEMPERATURE  (MEAN  DAILY)  AND  A GIVEN  INITIAL  ICE  THICK- 
NESS IN  CM 


t 0 

-5 

-10 

-15 

-20 

-25 

-30 

-35 

-40 

0 

0.8 

1.6 

2.4 

3.2 

3.8 

4.7 

5.5 

6.3 

10 

0.6 

1.1 

1.7 

2.3 

2.9 

3.4 

4.0 

4.6 

20 

0.4 

0.9 

1.3 

1.8 

2.2 

2.6 

3.1 

3.5 

30 

0.4 

0.7 

1.1 

1.5 

1.8 

2.2 

2.6 

3.0 

40 

0.3 

0.6 

0.9 

1.2 

1.5 

1.8 

2.1 

2.4 

50 

0.3 

0.5 

0.8 

1.1 

1.3 

1.6 

1.9 

2.1 

75 

0.2 

0.4 

0.6 

0.8 

1.2 

1.4 

1.6 

1.8 

100 

0.2 

0.3 

0.5 

0.6 

0.8 

1.0 

1.1 

1.3 

150 

0.1 

0.2 

0.3 

0.5 

0.6 

0.7 

0.8 

0.9 

200 

0.1 

0.2 

0.3 

0.4 

0.4 

0.5 

0.6 

0.7 
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I computed  table  69  on  the  basis  of  formula  (10). 

It  can  bo  seen  from  this  table  that  daily  ice  accretion  beneath  quite  thick  ice  is  very  slight 
even  with  very  low  air  temperatures,  but  it  is  comparatively  great  on  an  ice-free  sea  surface.  As 
a result,  young  ice  forms  and  accretes  very  rapidly  in  polynyas  and  cracks  when  the  air  tempera- 
tures are  very  low  and  in  individual  cases,  the  values  can  be  considerably  higher  than  those  in  the 
table.  Nansen  noted  that  once  he  observed  ice  that  became  8 cm  thick  overnight,  15  cm  thick  in 
the  first  three  days,  and  40  cm  in  15  days.  This  should  be  explained  by  the  fact  that  ice  formation 
in  narrow  cracks  is  promoted  not  only  by  low  air  temperature,  but  also  by  the  low  temperature  of 
the  adjacent  parts  of  the  ice. 

The  fact  that  the  accretion  of  thin  ice  occurs  considerably  faster  than  that  of  thick  ice  is  ex- 
ploited along  the  arctic  coast  in  repairing  the  underwater  parts  of  vessels  by  freezing  the  vessel 
out,  i.e. . by  constructing  "ice  docks.  " To  do  this,  the  snow  surrounding  the  vessel  to  be  re- 
paired is  first  removed,  which  increases  ice  growth  considerably,  as  we  shall  see  below.  Then, 
when  the  ice  becomes  50  to  60  cm  thick,  it  is  chopped  away  such  that  a strip  of  ice  not  more  than 
30  cm  thick  always  remains  around  the  ship.  Understandably,  the  underwater  part  of  the  vessel 
becomes  more  and  more  exposed  with  time.  This  continues  until  repairs  are  possible.  Wooden 
braces  are  placed  around  the  ship  to  give  it  stability.  By  the  end  of  January  1943,  the  ice  dock  in 
Tiksi  Bay,  for  example,  was  already  3 m deep  (while  the  thickness  of  the  natural  ice  was  about 
180  cm). 


Figure  72.  Graph  for  computing  the  ice  increment  vs.  number 
of  freezing  degree-days . 


I constructed  the  graph  (figure  72)  from  formulas  (6)  and  (10).  The  initial  ice  thickness  in 
centimeters  is  plotted  on  the  Y-axis  and  the  number  of  freezing  degree-days  on  the  X-axis.  The 
slanted  lines  represent  the  isolines  of  ice  increment  in  centimeters.  The  graph  is  easy  to  use. 
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For  example,  if  wo  wish  to  determine  how  many  centimeters  100  cm-thick  ice  will  accrete  if  It  is 
subjected  to  6000  freezing  degree-days,  we  start  along  the  graph  horizontally  at  the  number  100 
and  vertically  at  the  number  6000,  we  find  that  the  line  of  increment  at  the  intersection  will  be  127 
cm.  which  will  be  the  answer  to  the  question  asked. 

It  is  clear  that  the  given  formulas,  table  and  graph  cannot  pretend  to  be  highly  accurate. 


TABLE  70.  THICKNESS  OF  THE  ICE  AND  SNOW  AND  ELEVATION  OF  THE  ICE  SURFACE  ABOVE 
SEA  LEVEL  IN  CM,  DICKSON  BAY,  END  OF  FEBRUARY,  1944 


Ice 

% 

Snow 

% 

Elevation 

% 

From  81  To  90 

0.5 

F rom  0 To  10 

11.5 

From  11  To  15 

3.7 

From  91  To  100 

15.0 

From  11  To  20 

14.9 

From  6 To  10 

11.5 

From  101  To  110 

35.0 

From  21  To  30 

26.4 

From  1 To  5 

19.8 

From  111  To  120 

25.2 

From  31  To  40 

27.6 

0 

9.9 

From  121  To  130 

15.0 

From  41  To  50 

14.1 

From  -1  To  -5 

34.6 

From  131  To  140 

5.0 

F rom  51  To  60 

4.3 

From  -6  To  -10 

17.5 

From  141  To  150 

2.6 

F rom  61  To  70 

1.2 

From  -11  To  -15 

2.5 

From  151  To  160 

0.7 

From  -16  To  -20 

0.5 

From  161  To  170 

0.5 

Average  112 

26 

-0.8 

Table  70  gives  the  results  of  an  ice-measuring  survey  conducted  in  Bukhta  IMkson  at  the  end 
of  February  1944  by  Treshnikov,  Subbottn  and  Sychev.  Observations  were  made  at  438  points,  at 
which  time  the  ice  thickness,  snow  depth  and  the  height  of  the  ice  surface  above  sea  level  were 
measured  (the  minus  sign  indicates  that  the  ice  surface  was  below  the  water  level).  In  addition, 
the  table  gives  the  frequency  percentages  which  I computed.  Since  the  measurements  were  made 
at  equidistant  points,  these  same  percentages  characterize  the  areas  occupied  by  the  given  values. 
The  data  in  the  table  show  how  great  the  fluctuations  of  ice  and  snow  thickness  are,  even  at  close 
distances,  and  how  dangerous  it  is  to  draw'  conclusions  from  isolated  measurements. 

Further,  it  is  interesting  to  note  that  the  observations  of  the  growth  of  ice  of  different  ages, 
made  during  the  drift  of  the  Sedov,  are  an  excellent  confirmation  of  the  applicability  of  formula  (6). 
This  is  apparent  from  table  71. 

It  should  be  noted  that  formula  (6)  applies  not  only  to  the  accretion  of  ice  which  is  already 
quite  thick,  but  also  to  the  formation  of  new  ice. 

Thus,  for  example,  If  we  consider  that  the  ice  observed  by  the  5cdu  v (1938-1939)  began  to 
form  on  1 September  1938,  it  should  have  been  110  cm  thick  according  to  formula  (6)  by  16  January 
1939,  when  the  number  of  freezing  degree-days  (counting  from  1 September)  had  reached  2, 190. 

As  can  be  seen  from  table  71,  the  measured  thickness  of  this  ice  was  107  cm. 
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These  examples  show  that  formulas  (6)  and  (10)  could  be  extended  to  the  entire  Arctic  Basin 
with  a certain  approximation.  This  is  very  important  s'nce  it  is  a very  laborious  task  to  deter- 
mine it  e thickness  under  polar  conditions  and  it  is  very  easy  to  compute  the  number  of  freezing 
degree-days . * 

It  should  merely  be  emphasized  that  formula  (6)  is  applicable  only  under  more  or  less  calm 
hydrological  conditions.  For  example,  the  ice  in  river  rapids  is  always  thinner  than  in  calm 
stretches,  and  in  certain  rivers  the  rapids  sometimes  do  not  freeze  at  all  during  the  entire  winter. 
Such  phenomena  can  also  be  observed  in  transverse  ice  survey  profiles.  The  ice  is  always  thicker 
at  some  points  than  at  others.  This  is  explained  by  the  alluvial  and  erosional  action  of  the  current, 
which  causes  accretion  and  erosion  of  the  ice  along  the  lower  surface  of  the  ice  cover  in  a manner 
quite  similar  to  and  according  to  the  laws  by  which  these  same  streams  distribute  suspended  soil 
particles  on  the  bottom  of  the  river. 

Figure  73  shows  the  ice  survey  profile  through  the  Severnaya  Dvina  near  Solombala,  made 
on  U December  1941.  In  the  figure,  attention  is  focused  on  the  rafted  floes  near  the  shores  and 
near  the  path  made  by  the  icebreaker  and  an  accumulation  of  sludge  ice  400  m from  the  right  bank 
which  had  no  apparent  cause.  Undoubtedly,  such  an  accumulation  was  caused  by  a convergence  of 
current  streams  at  this  point,  and,  as  a result,  by  a certain  deceleration. 


Figure  73.  Ice  survey  profile  through  the  Severnaya  Dvina. 

These  same  phenomena  are  observed  at  sea  in  areas  of  strong  tidal  currents.  For  example, 
in  the  narrowest  part  of  Matochkin-Shar,  near  Cape  Uzkii  (Mys  Uzkii),  where  the  tidal  currents 
reach  a speed  of  five  knots,  the  middle  part  of  the  strait  freezes  only  during  the  most  severe 
winters.  It  is  clear  that  in  such  cases,  special  "local"  formulas  should  be  worked  out  for  the 
relationship  between  ice  thickness  and  the  number  of  freezing  degree-days.  Furthermore,  it  is 
clear  that,  in  general,  in  order  to  apply  formula  (6),  freezing  degree-days  should  be  counted  from 
the  moment  ice  appears  in  a given  region  and  never  from  the  initial  moment  of  negative  air 
temperatures. 

The  number  of  freezing  degree-days  varies  within  wide  limits  from  year  to  year  at  each 
separate  point  of  the  arctic,  and  of  course  this  affects  the  thickness  of  the  ice  formed  during  a 
given  winter  in  a given  region.  For  example,  during  the  period  1921  to  1936,  the  maximum  num- 
ber of  freezing  degree-days  on  Dickson  Island  (Ostrov  Dikson)  was  4,  780  (in  1927-1928)  and  the 
minimum  was  3,  595  (in  1931-1932);  the  difference  was  about  25  per  cent  of  the  maximum  value. 

♦These  formulas  were  checked  by  the  Hydrometeorological  Institute  for  the  White  and 
Caspian  Seas  and  were  found  to  be  completely  satisfactory. 
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TABLE  72.  COMPUTED  ICE  THICKNESSES  FOR  DICKSON  ISLAND 


Year  cu 

<N 


32  - 

59  43 


76  | 74 
96 


00  Oi 

(N  « 

05  05 


33  35  48  38 
67  69  84  69 


CJ  co 

CO  CO 

05  05 


151 

146 

154 

141 

140 

147 

134 

148 

143 

143 

162 

158 

167 

154 

152 

161 

143 

158 

156 

159 

172 

130 

173 

161 

157 

166 

147 

165 

160 

162 

200 

162 

153 

139 

163 

140 

176 

184 

- 

- 

-40 

11 

8 

18 

3 

7 

-11 

-24 

- 

- 

36  128 
154  145 
163  157 
168  163 


October 
November 
December 
J anuary 
Febi jary 
March 
April 
May 

Observed 

Difference 


Table  72  shows  the  thickness  of  ice  accretion  at  Dickson  Island,  computed  from  formula  (6), 
according  to  the  number  of  freezing  degree-days  at  the  end  of  each  month  from  1921  to  1936.  The 
next  to  the  last  column  of  the  table  shows  the  averages  for  the  investigated  period,  and  the  last 
column,  the  difference  between  the  maximum  and  minimum  values.  It  is  interesting  that  while  the 
difference  between  the  maximum  and  minimum  numbers  of  freezing  degree-days  reaches  25  per 
cent,  the  difference  between  the  extreme  ice  thicknesses  is  only  15  per  cent.  This  is  explained  by 
the  fact  that  the  rate  of  accretion  is  the  slower,  the  thicker  the  ice. 

The  next  to  the  last  line  on  the  table  shows  the  maximum  observed  ice  thickness  for  individual 
years,  and  the  last  line,  the  difference  between  the  observed  and  computed  values.  The  sign  of 
these  differences  varies,  and  their  absolute  sum  is  not  great;  this  proves  that  the  formula  adopted 
for  the  computations  is  correct  and  that  the  reasons  for  these  differences  are  not  systematic.  The 
most  important  of  these  is  the  fluctuation  of  the  depth  of  the  snow  cover. 


Figure  74.  Isolines  of  the  thickness  of  ice  accretion  for  the  winter  of  1938-1939  in  (cm). 

Figure  74  shows  the  isolines  of  ice  thickness  in  the  seas  of  the  Soviet  Arctic,  computed  by 
formula  (6)  for  the  winter  of  1938-1939.  As  can  be  seen  from  the  figure,  accretion  ice  reaches  its 

maximum  in  the  East  Siberian  Sea. 
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During  the  expedition  on  the  yram  , Nansen  found  7662  freezing  degree-days  for  the  winter  of 
1894-1895,  which,  according  to  formula  (6),  corresponds  to  224  cm  of  ice.  Evidently,  these  values 
are  nearly  maximum  for  the  east  longitudes  of  the  Arctic  Basin. 

LITERATURE:  62,  77.  87,  88,  107,  172,  177. 


Secfion  84.  Ice  Accretion  as  a Function  of  the  Vertical 
Distribution  of  Temperature  and  Salinity 
Beneath  the  Ice 

We  have  seen  that  neither  Stefan's  theoretical  formula  which  reduces  to 

K 2x86,400  k ' () 

where  R is  the  number  of  freezing  degree-days,  A is  the  heat  of  crystallization,  6:  is  the  ice  den- 
sity, h is  the  heat  conductivity  of  the  ice  and  i is  the  ice  thickness  in  centimeters,  nor  any  of  the 
empirical  formulas  consider  the  vertical  distribution  of  temperature  and  salinity  beneath  the  ice. 

In  other  words,  in  all  the  formulas  it  is  assumed  that  all  the  heat  transmitted  through  the  ice  to  the 
atmosphere  is  produced  solely  by  the  heat  of  crystallization. 

Let  us  assume  that  we  have  a fresh- water  lake  in  which  there  is  no  movement  of  water  and, 
consequently,  no  frictional  mixing.  In  first  approximation,  let  us  ignore  the  molecular  processes 
in  the  water.  Further,  let  us  assume  that  prior  to  the  initial  cooling,  the  temperature  of  the  lake 
was  somewhat  higher  than  the  temperature  of  the  greatest  density,  i.e. , 4°.  After  the  tempera- 
ture of  the  lake  from  the  surface  to  the  bottom  drops  to  4°,  all  convective  phenomena  in  the  lake 
will  cease,  and  ice  formation  will  start  after  the  uppermost,  thinnest  layer  cools  to  0*.  From  this 
moment  on,  we  can  apply  Stefan's  reasoning  to  what  follows,  after  augmenting  it  somewhat,  namely: 
the  elementary  amount  of  heat  released  to  the  atmosphere  in  time  dT  through  a unit  area  of  ice  of  i 
thickness  is 

dq=—dT,  (2) 

where  9 is  the  difference  between  the  temperatures  of  the  upper  and  lower  surfaces  of  the  ice. 

This  elementary  amount  of  heat  should  be  equal  to  the  sum  of  the  heat  released  during  the 
formation  of  an  additional  layer  of  ice  and  it  is 

dl,  (3) 

and  of  the  heat  released  during  the  cooling  of  a column  of  water  dh  -high  from  4°  to  0°,  from  which 
an  additional  column  di-high  forms,  and  it  is 

4 cCvdH=4°CwP-di,  (4) 

where  is  the  specific  heat  of  water  and  dw  is  the  density  of  the  water.  Thus 
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Following  the  reasoning  of  the  proceeding  section,  we  obtain, 

*_8r-(«+4-c.y£. 

Substituting  \ = 80  g-cul,  6,  = 0.9,  6W  = 1.0  and  cw=  1.0  In  (6),  we  obtain 


er  = ( 72  + 3.6)^. 


(6) 


(7) 


As  can  be  seen  from  (7),  under  the  conditions  of  the  problem  posed,  the  supplementary  term 
that  I introduced  Into  Stefan's  formula  is  comparatively  small.  However,  If  we  assume  that  on 
cooling  to  0“,  the  lake  water,  prior  to  the  appearance  of  the  first  ice,  will  be  mixed  by  the  wind  to 
a depth  greater  than  the  thickness  of  the  Ice,  the  supplementary  term  in  formula  (7)  will  naturally 
become  0. 

Naturally,  It  can  also  be  assumed  that  in  the  sea,  the  upper  layer  of  water  which  exceeds 
(sometimes  considerably)  the  maximum  possible  ice  thickness  will  be  mixed  and  cooled  to  the 
freezing  point  by  the  time  the  first  ice  appears.  In  the  sea,  however,  ice  formation  involves  sal- 
iniflcation  of  the  upper  layer  and  subsequently,  convective  mixing  to  a depth  which  depends  on  the 
vertical  temperature  and  salinity  distribution.  Thus,  in  the  sea,  the  supplementary  term  in  for- 
mula (7)  will  be  zero  only  in  shallows,  where  the  water  is  cooled  and  mixes  to  the  bottom  and  in 
regions  where  the  density  of  the  upper  layer  differs  so  much  from  that  of  the  lower  layers  that  Its 
saltnificatlon  occurring  during  ice  formation  does  not  cause  convective  mixing,  which  would  in- 
volve new  layers  In  the  vertical  circulation. 

Now  let  us  apply  our  discussion  to  a stratified  sea.  Let  us  assume  that  the  entire  upper 
layer  is  mixed  to  a certain  depth  at  the  moment  the  sea  is  cooled  to  the  freezing  point.  In  this  case, 
Ice  formation  will  first  occur  according  to  formula  (1). 

If  the  upper  layer  is  sufficiently  thick  and  if  its  salinity  is  considerably  less  than  that  of  the 
lower  layers,  with  the  given  number  of  freezing  degree-days,  in  the  region  under  investigation,  the 
entire  process  of  ice  formation  could  be  limited  to  this  layer,  and  formula  (1)  would  be  sufficient  to 
characterize  the  phenomenon.  However,  if  the  first  layer  is  thin,  the  vertical  circulation  can  in- 
clude the  second  and  deeper  layers.  In  the  latter  case,  the  phenomenon  described  by  formula  (1) 
will  continue  only  until  the  sallniflcatlon  accompanying  ice  formation  raises  the  density  of  the  upper 
layer  to  the  density  of  the  layer  second  from  the  top. 

The  vertical  distribution  of  oceanographic  characteristics  below  the  first  layer  can  be  quite 
diverse,  but  there  can  be  no  inversion  of  density  and  salinity;  however,  a temperature  inversion, 
particularly  under  arctic  conditions,  is  usual.  Let  us  assume,  for  the  sake  of  simplicity,  that  all 
the  lower-lying  layers  are  quite  thick  and  that  each  of  them,  taken  separately,  is  uniform.  In  such 
a case,  after  the  density  of  the  upper  layers  bocomes  equal  to  the  density  of  the  second  layer,  the 
heat  released  to  the  atmosphere  by  a unit  of  ice  surface  during  time  4T  will,  as  before,  be  equal  to 


where  i Is  the  thickness  of  the  ice  formed  before  the  density  of  the  first  layer  became  equal  to  the 
density  of  the  second  layer.  However,  this  heat  will  now  be  released  duo  to  cooling  of  tho  second 
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layer  (which  is  p%  thick),  not  due  to  the  heat  of  crystallization  evolved  during  the  formation  of 
additional  layers  of  ice.  Thus  we  will  get 


Integrating,  we  get 


or 


-r-dT  = CwSwp.,dt. 

•I 

T T 

j-^dT 


<») 


where  r is  the  freezing  point. 


Cu.PiU—^ 
k 86,400  ’ 


(9) 


If  the  thickness  of  the  ice  which  has  formed  is  known,  the  amount  of  heat  released  to  the 
atmosphere  by  1 square  cm  of  ice  surface  due  to  crystallization  can  be  computed  according  to 

d i = l ■ (10) 

Since  this  heat  is  proportional  to  ice  thickness,  which  increases  parabolically  with  time,  it  is 
clear  that  the  rate  of  heat  release  to  the  atmosphere  will  gradually  decrease  if  the  temperature 
difference  I >6 tween  the  air  and  water  remains  the  same. 


If  the  ice  thickness  remains  constant,  the  amount  of  heat  released  to  the  atmosphere  due  to  the 
cooling  of  the  new  layers  of  the  sea  included  in  the  vertical  circulation,  will  be  constant  and  equal  to 

^=Cu,p(/u,-T),  (11) 


where  t is  the  initial  temperature  of  the  layer  and  r is  the  freezing  point. 


Table  73  gives  some  computations  based  on  the  concepts  and  formulas  given  above.  In  this 
table,  p is  the  thickness  of  the  water  layer  in  meters,  t°  is  the  temperature  of  the  layer  at  the 
initial  moment.  S o/oo  is  the  salinity  of  the  layer  at  the  initial  moment,  i is  the  thickness  of  the 
ice  (in  cm)  which  creates  the  salinlfication  required  to  initiate  convective  mixing  with  the  lower 
lying  layer,  , is  the  number  of  freezing  degree-days  expended  on  crystallization,  A’v  is  the  num- 
ber of  freezing  degree-days  expended  on  cooling  the  layer  to  the  freezing  point,  K is  the  sum  of 
the  freezing  degree-days  expended  on  crystallization  and  on  cooling  the  layer,  q , is  the  amount  of 
heat  in  kg- cal  released  by  1 cm"  of  ice  surface  to  the  atmosphere  during  the  crystallatlon  of  the  ice 
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q , is  the  amount  of  heat  in  kg-cal  released  to  the  atmosphere  during  the  cooling  of  the  layer,  and  q 
is  the  total  amount  of  heat  in  kg-cal  released  to  the  atmosphere  during  crystallization  and  cooling. 

During  the  computations,  the  salinity  of  the  ice  was  assumed  to  be  0,  the  density  of  the  ice 
0.9,  the  density  of  the  water  1 . 0,  the  heat  of  crystallization  80  g-cal  and  the  heat  conductivity  of 
ice  (which  is  closest  to  that  observed  in  nature)  was  assumed  to  be  0.003  g-cal/sec  degree  cm. 
Finally,  it  was  assumed  that  there  were  4000  freezing  degree-days  in  the  investigated  region  during 
the  winter,  after  which  melting  started. 


FREEZING  DEGREE-DAYS 


Figure  75.  Ice  accretion  in  stratified  water. 

The  data  in  columns  4,  5 and  6 are  depicted  in  figure  75,  in  which  the  freezing  degree-days 
are  plotted  on  the  X-axis  and  the  ice  thickness  in  centimeters  on  the  Y-axis. 

On  examining  table  73  and  figure  75  we  see  that: 

1 . Ice  formation  occurs  sporadically,  namely:  during  the  first  959  freezing  degree-days, 
there  is  constant  ice  accretion  up  to  83  cm,  during  the  next  1540  freezing  degree-days,  the  ice 
thickness  remains  the  same,  then,  during  the  next  1237  freezing  degree-days,  ice  accretion  is 
reactivated,  and  the  ice  thickness  increases  to  126  cm,  but  then,  until  the  end  of  the  winter  regime, 
i.  e. , until  the  end  of  the  4000  freezing  degree-days,  the  ice  again  stops  growing.  Of  course,  this 
sporadic  accretion  of  ice  cannot  help  but  affect  the  structure  of  the  ice,  and  causes  its  stratifica- 
tion. Each  new  layer  of  ice  results  from  the  inclusion  of  a new  layer  of  water  in  the  vertical 
circulation. 

Thus,  ice  stratification  can  occur  not  only  when  floes  overturn  or  when  they  raft  upon  each 
other  during  hummocking  (dynamic  stratification),  but  also  as  a result  of  the  thermal  interaction 
of  the  atmosphere  and  sea  (thermal  stratification).  Actually,  the  rate  of  ice  accretion  increases 
with  decreasing  air  temperature  and  decreases  with  increasing  air  temperature.  When  ice 
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accretion  is  slow,  brine  drains  out  of  the  salt  cells  and  a smaller  amount  of  air  bubbles  and  silt  is 
retained  in  the  ice.  Consequently,  the  layers  of  ice  which  formed  during  higher  air  temperatures 
are  fresher,  less  porous,  and  more  monolithic  than  the  layers  which  formed  during  low  air  tem- 
peratures. The  stratification  of  the  upper  layers  of  the  sea  has  a still  greater  effect  on  the  strati- 
fication of  ice.  As  has  been  noted,  each  new  layer  of  the  sea  drawn  into  the  vertical  circulation 
creates  a new  ice  layer;  the  thinner  the  layer  of  sea  water,  the  thinner  will  be  the  layer  of  ice;  the 
more  sharply  delineated  the  layer  of  the  sea,  the  more  sharply  delineated  will  be  the  layer  of  ice. 


2.  It  is  easy  to  calculate  that  if  the  upper  layers  (pre-mixed  and  pre-cooled  to  the  freezing 
point)  were  20.5  m thick  instead  of  10  m,  the  ice  would  not  grow  sporadically  (and  consequently, 
the  ice  would  not  be  stratified),  and  the  ice  thickness  could  increase  to  170  m with  4000  freezing 
degree-days  (counting  from  the  moment  of  cooling  to  the  freezing  point).  Thus,  in  this  example, 
the  ice  thickness  proved  to  be  44  cm  less  than  it  would  have  been  under  other  conditions. 


3.  It  is  also  easy  to  calculate  that  if,  at  the  same  temperature  of  1.5°,  the  second  layer 
were  30.  4 m thick  instead  of  15  m,  after  958  freezing  degree-days  had  been  expended  on  forming 
the  first  83  cm  of  ice,  the  remaining  3042  freezing  degree-days  would  be  expended  solely  on  cool- 
ing the  upper  layer  mixed  to  a depth  of  40.  4 m to  the  freezing  point,  and  there  could  be  no  addi- 
tional ice  formation.  The  same  result  would  be  obtained  with  the  same  thickness  of  the  second 
layer  (15  m),  if  its  initial  temperature  were  3.0°  instead  of  1.5°. 

4.  It  is  also  easy  to  calculate  that  after  the  ice  becomes  83  cm  thick,  and  convective  mixing 
of  the  upper  layer  with  the  second  layer  begins,  the  common  temperature  of  the  two  upper  mixed 
layers,  i.  e. , to  a depth  of  25  m,  will  increase  to  0.  26°,  due  to  the  temperature  of  the  second 
layer,  as  a result  of  which  the  ice  might  even  begin  to  melt  somewhat  from  below.  Of  course,  if 
we  assume  there  is  no  motion  other  than  convective  motion  in  the  water  under  the  ice,  a film  of 
melted  fresh  water  will  immediately  form  near  the  lower  surface  of  the  ice,  which  will  limit  the 
heat  exchange  between  the  water  the  the  ice.  When  water  moves  beneath  fast  ice,  or  when  ice 
moves,  frictional  mixing  will  constantly  destroy  this  protective  crust,  and  thus  the  effect  of  the 
contact  of  the  ice  and  warm  water  will  Intensify. 


5.  A new  increase  in  the  water  temperature  beneath  the  ice  will  begin  after  3735  freezing 
degree-days,  and  by  the  end  of  winter  the  water  temperature  in  the  entire  50  m layer  under  the  ice 
will  be  -0.  19°,  i.e. , slightly  higher  than  the  freezing  point,  which  will  undoubtedly  intensify 
spring  thawing  quite  substantially. 


6.  The  rate  of  heat  release  by  the  sea  to  the  atmosphere  is  most  intense  at  the  initial 
moment  of  ice  formation;  then  it  decreases  parabolically.  After  958  freezing  degree-days,  the 
rate  of  heat  release  becomes  constant,  since  ice  accretion  ceases;  after  2498  freezing  degree-days, 
it  again  decreases,  and  finally,  it  remains  constant  after  3735  freezing  degree-days  until  the  end 
of  the  season. 


7.  In  the  example  studied,  the  freezing  degree-days  were  computed  from  the  moment  the 
upper  layer  was  cooled  to  the  freezing  point.  Let  us  now  assume  that  a storm  mixed  the  two  upper 
layers  at  exactly  this  moment.  In  such  a case,  the  average  temperature  of  these  layers  will  be 
0.  26°,  and  consequently  ice  formation  can  begin  only  after  the  surface  of  the  sea  releases  4.  8 
kg-cal/cm2  to  the  atmosphere. 
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Various  assumptions  can  bo  made  concerning  the  meteorological  conditions  and,  correspond- 
ingly. It  is  possible  to  speak  of  different  rates  of  heat  release  to  the  atmosphere  by  an  ice-free 
surface.  In  any  case,  the  assumed  mixing  will  delay  the  appearance  of  the  ice.  and  then  the  re- 
lease of  heat  from  the  open  water  surface  will  be  faster  than  in  our  example,  (i.e. . through  ice). 

In  this  regard,  the  calculation  of  the  number  of  freezing  degree-days  given  in  table  73  will  also 
change . However , the  total  amount  of  heat  released  by  the  sea  to  the  atmosphere  remains  un- 
changed; only  the  order  of  magnitude  of  its  components  changes.  For  example,  according  to  the 
table,  at  first  6.0  kg-cal/cm2  were  expended  on  crystallization,  then  4.8  kg-cal/cm2  on  cooling 
the  second  layer,  after  this.  3.0  kg-cal/cm2  again  on  crystallization,  etc.  Under  such  conditions, 
the  ice  was  two-layered,  with  the  division  into  layers  at  a depth  of  83  cm.  During  preliminary 
mixing  down  to  25  m.  at  first  4.8  kg-cal/cm2  were  expended  on  cooling,  and  then  9.0  kg-cal/cm2 
on  crystallization.  The  Ice  formed  would  be  single-layered. 

8.  In  Section  7,  it  was  assumed  that  the  storm  which  mixed  the  first  and  second  layers  be- 
gan at  the  exact  moment  that  the  upper  layer  reached  the  freezing  point,  but  these  layers  can  mix 
even  after  the  sea  is  covered  with  a thin  ice  layer,  provided  the  force  and  duration  of  the  wind  Is 
sufficient  to  break  it.  Since  the  heat  reserve  (computing  from  the  freezing  point)  in  the  second 
layer  is  4-8  kg-cal/cm2.  this  reserve  is  sufficient  to  melt  up  to  67  cm-thick  ice. 

Thus,  we  see  that  the  vertical  distribution  of  temperature  and  salinity  in  the  water  beneath 
ice  has  a substantial  effect  on  the  stratification  and  thickness  of  ice  formed  under  the  same  mete- 
orological conditions.  Apropos.  I have  received  information  of  practical  interest  from  M.  M. 
Somov. 

During  the  first  days  of  July  1943.  the  Icebreaker  Uikoyan  discovered  "spring  ice"  in 
the  region  of  Russky  Island  (Ostrov  Russkli)  (near  the  Taimyr  coast  of  the  Kara  Sea).  For  several 
days  prior  to  this,  unbroken  shore  ice  still  remained  right  up  to  the  Kirov  Islands.  From  this. 
Somov  concludes  that  the  spring  ice  discovered  by  the  Xikotjan  existed  in  the  midst  of  continuous, 
fast  ice  and  this  ice  could  not  have  been  brought  in  from  another  area;  we  can  only  assume  that 
this  ice  is  not  of  spring  origin,  but  is  thinner  than  the  surrounding  ice  due  to  some  additional 
amounts  of  heat  carried  into  this  region  during  the  winter . 

In  Somov's  opinion,  such  ice  could  not  have  been  discovered  earlier.  Airplanes  are  unable 
to  distinguish  it  from  the  air.  and  vessels  ordinarily  begin  to  navigate  only  when  spring  and 
autumn  ice  are  so  intermixed  that  it  is  difficult  to  resolve  such  a question.  It  soems  to  mo  that 
these  discussions  and  the  example  taken  indicate  that  extensive  areas  of  thicker  or  thinner  ice  can 
be  created  bv  the  pre-winter  vertical  distribution  of  oceanographic  characteristics,  which  are 
caused  basically  by  sea  currents,  and  by  intense  wind  mixing  during  this  period. 

Oceanographic  profiles  made  in  regions  where  climatic  conditions  can  be  considered  com- 
pletely identical  sometimes  show  a great  variation  of  the  vertical  temperature  and  salinity  disiri- 
bution  due  primarily  to  sea  currents.  This  is  the  primary  reason  for  the  difference  in  the  freezing 
indexes,  another  factor  is  the  thickness  of  the  ice  which  forms.  As  a rule,  the  warmer  the  sub- 
surface layers,  the  greater  are  tho  freezing  indexes  and  the  thinner  the  ice. 

The  warm  saline  Atlantic  waters  which  enter  the  Arctic  Basin  via  the  Greenland  current, 
play  an  important  role  in  the  water  balance  of  the  Arctic  Basin.  The  surface  layers  of  the  Arctic 
Basin  aro  freshened  by  shore  runoff  and  ice  molt  and  they  are  salinifted  by  ice  formation  and  by 
mixing  with  the  deep  Atlantic  waters  . Part  of  the  freshened  water  and  ice  is  carried  out  of  the 
basin  by  the  East  Greenland  current.  As  a result,  specific  salinity  and  temperature  equilibrium 
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conditions  are  created  characterized  by  the  depth  of  the  upper  surface  of  the  Atlantic  waters . 
During  years  when  the  influx  of  Atlantic  waters  is  intensive  and  their  temperature  high,  and  when 
the  winters  are  warm,  this  surface  rises  somewhat;  during  years  when  the  influx  of  Atlantic 
waters  is  weak  and  when  the  winters  are  severe,  it  sinks  somewhat. 

The  warm  Atlantic  waters  which  penetrate  into  the  Arctic  Basin  as  a deep  current,  and  the 
changes  in  their  regime,  i e. , temperature  and  thickness,  are  extremely  important,  but  as  yet 
they  have  not  been  evaluated  properly,  mainly  because  these  waters  are.  so  to  speak,  "buried" 
under  the  cold,  desalinified  surface  layers.  Nevertheless,  this  effect  can  be  detected  easily  by 
simple  computations  similar  to  the  ones  already  given.  This  effect  is  particularly  apparent  where 
Atlantic  waters,  moving  from  west  to  east  and  forced  to  the  right  toward  the  continental  shelf  by 
the  force  of  the  earth's  rotation,  enter  from  the  north  into  the  Soviet  Arctic  Seas  and  here,  as  it 
were,  "creep  up”  to  shallower  depths.  1 shall  return  to  this  interesting  question  later. 

LITERATURE:  87. 


Section  85.  Effect  of  a Snow  Cover  on 
the  Rate  of  Ice  Accretion 

As  we  have  seen,  the  heat  conductivity  of  snow  is  considerably  less  than  that  of  ice;  conse- 
quently. ice  beneath  a snow  cover  is  considerably  thinner  than  snow-free  ice.  and  its  temperature 
is  correspondingly  higher  • 

Figure  76  by  Ponomarev  shows  ice  accretion  on  the  Severnaya  Dvina  during  the  winter  of 
1941-1942  from  the  moment  that  the  ice  cover  was  established.  The  middle  curve  shows  the 
average  thickness  of  the  natural  ice  beneath  the  snow.  The  upper  curve  shows  the  snow  depth. 

The  lower  curve  represents  the  average  ice  thickness  along  a railroad  ice  crossing  which  was 
always  kept  clear  of  snow. 


Figure  76.  Ice  accretion  beneath  snow  and  with  no  snow. 
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It  can  be  seen  from  the  figure  that  on  28  January  1942,  for  example,  the  average  thickness  of 
the  ice  beneath  a snow  cover  15  to  40  cm  thick  was  58  cm  (maximum  63  cm,  minimum  48  cm);  but 
on  the  snow-free  roadbed,  the  average  ice  thickness  was  83  cm  (maximum  89  cm,  minimum  73  cm) 
Thus,  snow-free  ice  proved  to  be  almost  1 1/2  times  thicker  than  ice  covered  with  a natural  snow 
cover.  This  knowledge  is  always  used  when  building  ice  crossings  and  all  sorts  of  roads  on  river 
and  shore  ice. 

To  solve  the  problems  of  the  effect  of  a snow  cover  on  the  rate  of  ice  growth,  I have  assumed 
that  the  heat  flow  through  the  snow  and  through  the  ice  is  in  equilibrium  at  all  times , or 

ks(ta  — /)  ~ kj  (/  tw)  — 

q ~ s i ’ (1) 

where  ks  is  the  heat  conductivity  of  snow,  kj  is  the  heat  conductivity  of  ice,  S is  the  snow  depth, 
i is  the  ice  thickness,  tq  is  the  air  temperature  and  also  the  temperature  of  the  upper  surfaces  of 
the  snow,  tw  is  the  water  temperature  and  also  the  temperature  of  the  lower  surface  of  the  ice,  t 
is  the  temperature  at  the  ice-snow  interface  and  T is  the  time. 

From  formula  (1)  it  follows  that 

. ks  Ha  * — kj  S1 w 

— kiS+ksi  ’ (2) 

To  be  sure,  the  temperature  at  the  interface  changes  constantly  in  connection  with  ice  accretion 
which  assures  a flow  of  heat  to  the  atmosphere,  but  this  change  can  be  ignored  for  comparatively 
short  periods  of  time. 

Furthermore,  I have  assumed  that  the  investigated  ice  field  is  in  isostatic  equilibrium  (see 
Section  103);  in  other  words,  the  following  equation  holds  at  each  vertical 

S&s  + it  i = SWZ,  (3) 

where  6,,  is  the  snow  density,  6 is  the  ice  density,  6W  the  water  density,  and  a Is  the  distance 
between  the  water-line  and  the  lower  surface  of  the  ice. 

According  to  Abel's,  the  heat  conductivity  of  snow  is  determined  by  its  density  according  to 

ks  = 0.0067  8?.  (4) 

Figure  77  is  constructed  according  to  formulas  (1)  to  (4)  and  the  following  values  are  as- 
sumed (for  pure  monolithic  ice  formed  from  fresh  water):  i = 100  cm,  ta  = -20°,  tw  = 0°, 

6 = 1.0,  6,  = 0.9,  <5,  = 0.5,  k ,•  = 0.  0054  and  k = 0.  0018. 

yj  t>  o 1/  o 

On  examining  figure  77,  we  see  the  following; 

1.  The  ice  bends  under  the  weight  of  the  snowdrift,  and  under  the  given  conditions,  the 
upper  surface  of  the  ice  sinks  below  the  water  level,  even  when  the  snow  layer  is  20  cm  thick.  It 
is  understandable  that  when  the  snow  cover  is  very  thick  and  when  there  are  through-cracks  in  the 
ice.  the  water  will  come  to  the  surface  of  the  ice,  and,  on  wetting  the  lower  layers  of  the  snow, 
will  freeze  there  (see  columns  5 and  6 in  table  70) . 

2.  The  isotherms  bend  upward  beneath  a snowdrift.  Thus,  after  a snowfall,  the  higher  the 
drift,  the  higher  the  ice  temperature  rises. 
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Figure  77.  Ascent  of  isotherms  beneath  snow  drifts. 

3.  The  flexure  of  ice  under  a drift,  with  a simultaneous  temperature  increase  in  the  lower 
layers  of  the  ice.  results  in  the  washing  away  of  the  convexity  by  sea  currents,  especially  tidal 
currents . 

4 . The  amount  of  heat  released  to  the  atmosphere  through  the  snow  and  ice  can  lie  computed 
easily  by  formulas  (1)  and  (2).  Through  ice  20  cm  thick  with  a snow-free  surface.  467  g-cal/cm2 
day  are  released  to  the  atmosphere  which  increases  the  ice  thickness  16  cm.  while  only  233  g-cal/ 
cm-  day  are  released  through  ice  10  cm  thick  and  covered  by  a layer  of  snow  also  10  cm  thick, 
which  increases  the  ice  thickness  only  3 cm. 

Figure  77  shows  the  amount  of  heat  (in  g-cal/cm2  day)  released  by  ice  100  cm  thick  with 
snow  covers  of  different  depths . 

The  decrease  of  heat  release  beneath  snow,  and  the  resulting  decrease  of  ice  accretion  also 
gradually  destroy  the  convexity  which  had  formed  under  the  weight  of  the  drift. 

Burke  presents  very  interesting  observations  conducted  during  the  winter  of  1937-1936  on 
Franz  Joseph  Land,  of  the  effect  of  a snow  cover  on  the  rate  of  ice  accretion.  These  observations 
also  prove  the  destructive  action  of  sea  currents.  Burke  writes:  "Here,  at  the  eastern  cape  of 
Scott-Kelty  Island,  extremely  strong  tidal  phenomena  are  observed.  In  November  1937.  newly- 
formed  ice.  located  between  hummocky  fields  over  a quite  extensive  area,  reached  a thickness  of 
20  cm.  Ice  thickness  measurements  conducted  every  ten  days  showed  that  the  ice  thickness  began 
to  decrease  as  snow  accumulated  on  the  ice.  and  by  10  February,  the  ice  had  disappeared  com- 
pletely. It  became  dangerous  to  walk  on  the  snow  and  people  fell  through.  By  this  time,  the  snow- 
layer  had  become  57  cm  deep  later,  the  wet  snow  began  to  freeze  and  new  ice  formed  but  now 
it  was  snow  ice.  which  was  gray  and  not  the  usual  green  color.  " 

LITERATURE:  23.  76.  77. 
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Section  86.  Ice  Accretion  in  the  Region  of  Ice  Removal 

As  wo  have  soon,  the  thickness  of  ice  accretion  as  a function  of  freezing  degree-days,  can 
be  expressed  by 


t3-(-50  i — 8 R, 


0) 


where  i is  the  ice  thickness  in  centimeters  and  H is  the  number  of  freezing  degree-days. 

This  formula  gives  an  idea  of  the  accretion  of  a single  floe,  either  stationary  or  drifting. 

Let  us  use  this  formula  to  solve  one  of  the  frequent  questions  which  arise  in  connection  with  the 
study  of  the  ice  concentration  of  seas  from  which  ice  is  constantly  removed  by  winds  and  currents . 
Let  us  attempt  to  determine  the  ice  thickness  at  some  geographic  point  of  the  sea  where  the  rate 
of  ice  drift  is  known. 

Let  us  assume  that  we  have  a rectangular  channel,  open  at  one  end.  and  that  there  is  con- 
stant ami  uniform  removal  of  ice  through  this  open  end.  Let  us  also  assume  that  the  air  tempera- 
ture is  uniform  throughout  the  channel . 

Under  such  assumptions,  it  is  obvious  that  the  ice  thickness  will  remain  near  zero  and  that 
it  will  increase  with  distance.  The  question  arises:  under  these  conditions,  what  will  the  ice 
profile  be  like  along  the  axis  of  the  channel  after  complete  removal  of  all  the  ice  which  had  formed 
at  the  moment  freezing  started  throughout  the  channel  ? 

For  the  sake  of  simplicity,  let  us  assume  that  the  temperature  differential  between  the  air 
and  water  is  constant,  and  is  25°.  last  point  0 in  figure  78  correspond  to  the  origin  of  the  co- 
ordinates. Let  the  X-axis  represent  the  distance  traversed  by  the  ice  in  -10  days.  It  is  clear  that 
the  ice.  whose  initial  thickness  at  point  0 was  0,  will  be  subjected  to  25  x 40  = 1000  freezing 
degree-days  in  these  40  days.  This  same  ice  will  be  subjected  to  2000  freezing  degree-days  at 
the  end  of  80  days.  etc. 


FREEZING  DEGREE-DAYS 


COUNTING  FROM  SHORE,  IN  KNOTS 


Ice  profile  along  the 
channel  axis. 
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In  the  same  figure,  let  the  Y-axis  represent  the  ice  thickness  computed  according  to  formula 
(1).  The  resulting  curve  will  also  characterize  the  ice  thickness  along  the  axis  of  the  channel. 

If  we  increase  the  rate  of  drift  and  retain  the  same  scale  in  the  figure,  we  should  increase  the 
distance  between  the  points  corresponding  to  the  given  number  of  freezing  degree-days.  If  the  rate 
of  drift  decreases,  the  distance  between  the  contiguous  numbers  of  freezing  degree-days  will  also 
dec  reuse  acco  rd  ingly . 

The  stated  problem  can  also  tie  solved  in  another  manner.  Actually,  in  formula  (1)  is 

A?=er, 

where  0 is  the  temperature  difference  between  air  and  water,  which  we  assume  to  lie  constant  and 
is  the  number  of  days. 

However, 

D = vT. 

where  ."  is  the  distance  in  knots  traversed  by  the  ice  in  a day.  v is  the  rate  of  drift  (in  knots)  per 
day  and  .'  is  the  drift  duration. 

Hence . wo  get 

,-s  + 50i=-D.  (2) 

V 

where  D is  the  distance  of  a given  point  in  the  channel  from  the  beginning  of  the  channel  expressed 
in  knots . 

According  to  this  last  formula,  the  distance  along  the  axis  of  the  channel,  counting  from  the 
beginning  of  the  channel,  can  be  plotted  along  the  X-axis,  instead  of  the  number  of  freezing 
degree-days • 

With  certain  reservations,  the  problem  as  stated,  can  lie  adapted  to  the  Kara  Sea.  e.g  . 
where  there  is  a constant  northward  removal  of  ice  from  the  Yamal  Peninsula  at  a rate  of  about 
1.0  to  1.5  knots  per  day.  It  is  clear  that  the  problem  can  be  complicated  by  making  assumptions 
concerning  the  distributions  of  velocities  and  temperatures  along  the  axis  of  ice  removal,  etc. 

As  an  example,  the  lower  scale  in  figure  78  shows  the  distances  along  the  axis  of  removal  in 
knots,  computing  from  the  beginning  of  removal,  on  the  condition  that  the  temperature  difference 
air-water  is  25  ' and  the  rate  of  removal  is  1 knot/day. 

Only  the  thickness  of  the  accretion  ice  can  be  characterized  by  the  given  example.  However, 
this  method  can  be  developed  somewhat.  Actually,  if  we  know  the  drift  of  the  ice  field  for  a cer- 
tain period  of  time  and  the  numlxjr  of  freezing  degree-days  to  which  the  ice  field  has  been  subjected 
during  the  same  time  interval,  we  can  compute  the  thickness  of  this  ice  at  any  point  of  the  drift  by 
formula  (1). 

As  a rule,  the  ice  in  the  seas  of  the  Soviet  Arctic  is  in  constant  motion  both  summer  and 
winter.  Open  water  areas  of  various  sizes  appear  from  time  to  time  due  to  the  collisions  of  in- 
dividual floes  and  fields  and  the  subsequent  hummocking.  which  decreases  the  ice  area.  Sometimes 
even  thick  shore  ice  is  broken  up  by  strong  winds  and  is  carried  far  from  the  shores . At  negative 
air  temperatures,  new  ice  immediately  begins  to  form  in  the  open  water  thus  created. 
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Table  74.  computed  as  an  example  from  formula  (1).  shows  the  thickness  of  ice  of  various 


ages. 

TABLE  74.  THEORETICAL  THICKNESSES  OF  ACCRETION  ICE  IN  CM  ON  THE  FIRST  DAY 
OF  EACH  MONTH  COMPUTED  ACCORDING  TO  THE  AIR  TEMPERATURES  IN 
1935  AND  1936  ON  UYEDINENIYE  ISLAND 


Ice  Thickness 

By  1-11 

By  1-12 

By  1-1 

By  1-2 

By  1-3 

By  1-4 

By  1-5 

By  1-6 

October 

12 

51 

78 

107 

129 

150 

160 

166 

November 

- 

45 

73 

103 

126 

147 

157 

164 

December 

- 

- 

49 

86 

111 

135 

145 

150 

January 

- 

- 

- 

62 

92 

119 

131 

138 

February 

- 

- 

- 

58 

93 

107 

116 

March 

- 

- 

- 

- 

- 

62 

81 

91 

April 

- 

- 

- 

- 

- 

- 

40 

56 

May 

- 

- 

- 

- 

- 

- 

29 

Average  daily  air 
temperature  for 
the  preceding 
month 

-3  ° . 0 

-17°. 5 

-19°. 4 

-27°.  7 

-27°. 8 

-28  ° . 1 

-15  ° . 0 

-9°. 4 

The  freezing  degree-days  taken  are  those  which  were  observed  during  the  winter  of  1935- 
1936  on  L'yedineniye  Island.  For  example,  the  ice  which  had  begun  to  form  on  1 January  1936  and 
which  we  call  "January"  in  the  table  became  62  cm  thick  by  1 February,  119  cm  by  1 April  and 
138  cm  by  1 June. 

It  can  be  seen  from  the  table  that  there  is  no  real  difference  in  the  ice  thicknesses  in 
October.  November.  December  and  even  in  January.  Thus,  the  removal  or  non-removal  of  ice 
in  the  autumn  has  little  effect  on  the  thickness  of  ice  encountered  during  the  subsequent  navigation 
season.  On  the  other  hand,  the  spring  removal  (March  through  May)  is  of  great  importance. 
Actually,  the  ice  carried  out  at  this  time  will  be  replaced  by  ice,  1)  which  is  not  very  thick,  and 
2)  which  has  a relatively  high  temperature. 

The  last  line  of  table  74  shows  the  average  daily  air  temperatures  for  the  preceeding  month . 
The  data  in  this  line  and  the  preceding  conclusions  indicate  the  significance  of  ice  removal  during 
spring  and  also  of  the  early  arrival  of  spring  for  summer  navigation. 

LITERATURE:  63,  77. 


Section  87.  Maximum  Thickness  of  Perennial  Ice 

Weyprecht  introduced  the  concept  of  the  maximum  thickness  of  "perennial  ice"  accretion. 

On  the  basis  of  observations  of  the  dependence  of  ice  growth  on  the  number  of  freezing  degree- 
days,  Weyprecht  found  that  newly-formed  ice  would  be  209  cm  thick  by  the  end  of  the  first  winter 
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in  the  Franz  Joseph  Land  region,  since  the  average  number  of  freezing  degree-days  in  that 
region  is  5625 . 

Assuming  that  the  ice  thickness  would  decrease  100  cm  during  the  summer,  i.e  , that  it 
would  become  109  cm  thick,  he  calculated  that  by  the  end  of  the  second  winter,  the  ice  would  be- 
come 234  cm  thick  due  to  the  effect  of  another  5625  freezing  degree-days  on  ice  109  cm  thick. 

Thus,  considering  the  further  increase  of  ice  thickness,  Weyprecht  found  that  for  Franz 
Joseph  Land  where,  on  the  average,  the  number  of  freezing  degree-days  was  5625  with  a summer 
decrease  of  100  cm,  the  maximum  thickness  would  be  260  cm.  With  this  ice  thickness,  as  much 
ice  would  melt  in  summer  as  would  accrete  in  winter . 

We  have  seen  that  ice  accretion,  as  a function  of  the  number  of  freezing  degree-days,  can 
be  determined  with  adequate  approximation,  by  my  formula 

i2+50 1'=8  R.  (i) 


From  this  formula,  we  get 


(A/)2-f  (50+2/0)  At — 8AR  — 0.  (2) 

From  figure  72,  we  see,  e.g. , that  if  there  were  no  ice  at  the  initial  moment,  after  6000 
freezing  degree-days  the  ice  would  become  196  cm  thick,  while  if  the  ice  were  400  cm  thick  at  the 
initial  moment,  after  6000  freezing  degree-days,  the  ice  thickness  would  increase  only  53  cm. 
This,  then,  is  Weyprecht's  concept  of  the  maximum  accretion  of  perennial  ice. 


Transforming  formula  (2),  we  get 


h 


4A  R A/ 
A / 2 


-25. 


(3) 


In  this  formula,  let  us  assume  that:  A I is  the  decrease  of  ice  thickness  during  summer  due 
to  melting  and  AR  is  the  number  of  freezing  degree-days  during  the  winter  in  a given  region. 


In  this  case,  I ^ will  be  the  maximum  ice  thickness  during  the  autumn,  before  ice  formation 
begins . 


If  we  assume  that  all  the  ice  which  has  formed  in  the  given  region  during  the  winter,  melts 
during  the  summer. 


/i=0, 


then  from  (3)  we  get 


8 A/?  = (A/)2  +50  A/.  (4) 

If  the  number  of  freezing  degree-days  is  greater  in  a given  region  than  that  obtained  by  for- 
mula (4),  the  ice  which  had  formed  during  the  winter  would  last  through  the  summer  and  would 
then  be  classified  as  perennial  ice.  If  it  is  less,  not  only  the  ice  which  had  formed  in  a given  re- 
gion, but  also  ice  of  any  thickness  which  had  been  carried  into  the  given  region  from  another  region 
would  eventually  be  destroyed  by  melting. 
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In  order  to  obtain  the  ice  thickness  prior  to  the  start  of  melting,  i.  e.  , the  critical  maximum 
ice  thickness,  we  should  add  the  amount  of  summer  melting. 

^max  — /j"f  A/ , (5) 

or 

_4AP  A/ 

max — AT  + li (6> 

to  the  value  I\  obtained  from  formula  (3). 

From  formula  (?),  one  can  see  that  the  maximum  ice  thickness  tends  toward  infinity  as  the 
amount  of  summer  melting  decreases  and  approaches  zero.  I shall  return  to  this  question  later. 

The  graph  which  has  already  been  give-,  in  figure  72  can  be  used  to  compute  maximum  ice 
thickness.  Actually,  we  have  seen  that  when  the  maximum  ice  thickness  is  reached,  winter  ice 
accretion  is  in  exact  equilibrium  with  summer  melting.  Hence,  if  we  consider  the  isolines  of  ice 
growth  on  this  graph  to  be  isolines  of  melting,  their  intersection  with  the  vertical  lines  corre- 
sponding to  freezing  degree-days,  will  give  us  the  minimum  ice  thickness  in  a given  region.  By 
adding  summer  melting  to  this  value,  we  will  find  the  maximum  thickness. 

As  has  already  been  pointed  out,  Nansen  observed  7662  freezing  degree-days  during  the 
winter  of  1894-1895.  Using  the  graph,  we  find  that  when  R = 7662  and  i0  - 0 cm,  year-old  ac- 
cretion ice  will  be  224  cm  thick.  On  the  other  hand,  Nansen  noted  that  the  ice  melted  100  cm 
during  the  summer  in  the  region  of  the  drift  of  the  Fram.  Beginning  on  the  graph  at  R - 7662 
and  A i = 100  cm,  we  find  the  minimum  ice  thickness  1 ^ - 231  cm  and  the  maximum  ice  thickness 
max  — 331  cm  • 

The  corrections  explained  in  figure  79  should  be  entered  in  Weyprecht's  diagram.  In  this 
figure,  ice  thickness  is  plotted  along  the  Y-axis  and  the  freezing  degree-days  along  the  X-axis. 

The  curve  ON  is  plotted  according  to  formula  (1). 

If  a certain  number  of  freezing  degree-days  R is  characteristic  of  a given  region  at  the  end 
of  the  first  year,  we  will  find  the  ice  thickness  by  the  end  of  the  first  winter,  i.e. . i i at  the  inter- 
section (point  a ) of  the  vertical  line  corresponding  to  the  value  of  R and  the  plotted  curve. 

The  ice  thickness  will  change  during  the  summer  due  mainly  to  the  following  processes: 

1.  The  thickness  will  increase  somewhat  from  below  due  to  the  low  temperatures  main- 
tained in  the  ice  itself  at  the  start  of  melting.  This  increased  ice  thickness  is  expressed  by  seg- 
ment ah  in  figure  79. 

2.  The  ice  thickness  will  decrease  from  above  by  the  amount  ac  due  to  summer  melting. 

Thus  by  the  end  of  the  summer,  the  ice  thickness  will  be 


/,  -f  ab—ac  = /,  -f- 


3.  The  internal  temperature  of  the  ice  will  increase,  due  in  part  to  the  absorption  of  radiant 
energy  and  atmospheric  heat  by  the  upper  ice  layers,  and  in  part  due  to  the  absorption,  through 
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Figure  79  . Accretion  of  perennial  ice. 

the  lower  surface  of  the  ice.  of  the  heat  of  crystallization  released  during  the  formation  of  an 
additional  layer  of  ice  of  thickness  :b. 

The  heat  absorbed  from  the  atmosphere,  however,  is  used  not  only  to  melt  a layer  of  ice  ac 
thick  and  to  raise  the  temperature  within  the  ice.  but  also  for  processes  within  the  ice  (fusion) 
which  is  reflected  by  the  fact  that  the  upper  layers  of  the  ice  become  completely  saturated  with 
water  by  the  end  of  summer.  The  importance  of  this  process  is  clear  from  the  following  obser- 
vations made  on  the  Sedov.  In  1999,  the  mean  daily  air  temperatures  were  negative  by  the 
beginning  of  September,  but  tho  winter  increase  of  ice  thickness  did  not  begin  until  20  November 
after  the  ice  had  frozen  through. 

It  can  bo  seen  from  table  75  that  1335  freezing  degree-days  were  required  before  new  ice 
could  form  in  the  region  of  drift  of  the  Sedov. 


If  we  assume  that  the  amounts  of  summer  ice  accretion  and  melting  are  constant  in  the  given 
region,  and  that  the  number  of  freeing  degree-days  is  also  constant,  from  formula  (6)  we  get 


1 IRAK  


_4  (R 


SI 


^i  + ^-25. 


(7) 


where  Ai  - i ' - i " is  the  total  change  in  the  thickness  of  the  ice  during  the  summer  and  if'  is 
tho  number  of  freezing  degree-days  necessary  for  the  ice  to  freeze  through. 


From  formula  (7).  it  follows  that  the  effect  of  the  summer  saturation  of  ice  by  water  is 
equivalent  to  a decrease  of  tho  average  number  of  freezing  degree-days  in  a given  area,  and  if 
this  decrease  is  known,  it  is  not  difficult  to  obtain  tho  maximum  ice  thickness  from  both  formula 
(fi)  and  the  graph  in  figure  72. 
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TABLE  75.  CHANGES  OF  THICKNESS  OF  1936  AND  1937  ICE  (IN  CM)  DURING  THE  SUMMER 
OF  1939.  REGION  OF  DRIFT  OF  THE  SEDOV 


Date  of 
Measurement 

Freezing 

Degree-Dnys 

Stake  Readings 

Changes  of  Ice 
Thickness 

Remarks 

Stake 

No.  1 

Stake 

No.  2 

Stake 

No.  1 

Stake 

No.  2 

9/10 

103 

211 

243 

9/22 

193 

211 

236 

0 

-7 

10/1 

315 

212 

233 

+1 

-3 

10/10 

420 

211 

230 

-1 

-3 

10/22 

640 

211 

230 

0 

0 

Ice  froze  50-60  cm 

10/30 

852 

211 

230 

0 

0 

Ice  froze  100-120  cm 

11/10 

1,127 

211 

230 

0 

0 

Ice  froze  140  cm 

11/20 

1,335 

215 

233 

+4 

+3 

Beginning  of  accretion 

Returning  to  figure  79,  we  see  that  the  ice  thickness  will  bo  dli  by  the  beginning  of  the  sec- 
ond winter,  tt  will  remain  the  same  up  to  point  e , when  the  ice  freezos  through.  After  this,  it 
begins  to  increase  along  a curve  parallel  to  the  growth  curve  ON  until  it  roaches  point  /,  corre- 
sponding to  2 R . the  number  of  freezing  degree -days  by  the  end  of  the  second  winter,  etc. 

Personally.  I do  not  know  of  any  quantitative  data  which  would  allow  us  to  judge  the  effect  of 
the  saturation  of  ice  by  water,  with  the  exception  of  tho  Sedov  observations  already  mentioned. 
Hence,  generalizations  should  bo  avoided  until  appropriate  data  have  been  accumulated.  However, 
by  substituting  R = 6000  and  AI  = 100  cm  into  formula  (6).  we  get 

AllrtX  “ ^65  CM, 

and  by  substituting  R ' = 1500  into  formula  (7)  (which  is  actually  the  case,  according  to  the  ' ?.•:• 
observations),  we  get 

I max  — 205  CM. 

In  other  words,  the  summer  warming  and  the  saturation  of  the  upper  layers  of  ice  by  water 
decreases  the  theoretical  maximum  ice  thickness  obtained  by  formula  (6)  by  60  cm.  i.e. . by  a 
rather  appreciable  amount.  This  allows  us  to  refine  Weyprecht's  concept  of  maximum  ice  thick- 
ness somewhat,  as  follows:  the  maximum  ice  thickness  is  that  at  which  the  winter  regime  merely 
destroys  tho  changes  in  the  ice  thickness  and  structure  caused  by  the  summer  regime. 

Natural  phenomena  are  very  complicated  ami  quantitative  computations  can  servo  only  to 
clarify  the  qualitative  aspects  of  tho  phenomenon.  We  shall  conduct  further  discussions  from  this 
point  of  view. 

Formula  (7)  indicates  that  the  maximum  icu  thickness  depends  on  the  number  of  freezing 
degree-days  R which  characterize  the  winter  regime,  and  on  the  amount  of  melting  A . and  warming 
R which  characterize  the  summor  regime. 
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As  we  have  soen,  all  these  values  vary  within  wide  limits,  even  in  the  same  region.  This  is 
particularly  apparent  in  the  Atlantic  regions  of  the  arctic.  During  some  years,  the  number  of 
freezing  degree -days  on  Dickson  Island  (Ostrov  Dikson)  departs  from  the  average  by  more  than 
15  per  cent  However,  the  amplitude  of  variation  of  the  number  of  freezing  degree-days  decreases 
eastward  and  northward.  The  summer  regime  fluctuates  just  as  greatly  in  individual  regions,  but 
its  amplitudes  also  decrease  northward  and  eastward. 

For  general  considerations,  however,  let  us  assume  that  both  the  summer  and  winter  regimes 
remain  unchanged  in  each  individual  region,  and  let  us  investigate  the  spatial  distribution  of  these 
elements . 

In  the  region  of  the  Arctic  Basin  beyond  the  limits  of  the  continental  shoal,  i .e  • , the  main 
region  of  perennial  ice.  the  number  of  freezing  degree-days  evidently  fluctuates  within  the  limits 
5,000  and  8,000.  The  summer  regime  varies  more  intensely.  Thus,  while  the  ice  melted  about 
one  meter  in  summer  in  the  region  of  drift  of  the  Fram  and  the  Sedov  near  the  Greenland  Sea, 
the  ice  melt  did  not  exceed  half  a meter  in  the  region  of  the  pole,  as  observations  made  by  station 
"North  Pole"  showed.  Evidently,  summer  melting  amounts  to  only  a few  tens  of  centimeters  in 
the  region  between  the  North  Pole  and  the  Arctic  Archipelago,  where  the  Atlantic  influence  scarcely 
penetrates . 

Thus,  over  the  entire  Arctic  Basin,  the  number  of  freezing  degree-days  does  not  vary  by 
more  than  a few  tens  of  per  cents . Summer  melting  differs  by  hundreds  of  per  cents  from  region 
to  region . 

However,  when  the  ice  is  quite  thick,  even  considerable  changes  in  the  number  of  freezing 
degree-days  have  little  effect  on  the  ice  thickness.  Therefore  the  summer  regime  is  the  main 
factor  determining  the  maximum  thickness  of  perennial  ice  accretion. 

Let  us  assume  the  number  of  freezing  degree-days  to  be  constant  and  let  us  use  the  simpler 
formula. (6)  for  further  discussion.  Substituting  R = 6000  in  this  formula,  we  find  that  during 
summer  melting 


ill 

= 100  cm. 

1 max 

= 265  cm, 

A/ 

= 50  cm, 

X max 

= 480  cm, 

a; 

= 20  cm. 

max 

= 1185  cm 

With  the  same  number  of  freezing  degree-days  and  with  10  cm  summer  melting,  the  maximum 
ice  thickness  increases  to  almost  24  m.  This  evidently  explains  in  part  the  formation  of  thick  peren- 
nial shore  ice  along  the  northern  coasts  of  Greenland  and  the  shelf  ice  along  the  coasts  of  the 
antarctic. 

■ 

Thus,  there  is  no  doubt  that  with  time  the  ice  thickness  gradually  approaches  the  average  for 
a given  region.  The  question  arises:  how  many  years  does  this  take?  The  corresponding  formu- 
las would  be  too  complex,  but  a subsequent  change  in  the  ice  thickness  can  be  obtained  easily  using 
the  given  formulas  and  the  graph.  As  an  example,  let  us  assume  that  toward  the  beginning  of  win- 
ter. ice  of  different  thicknesses  is  brought  into  a certain  region,  where  the  number  of  freezing 
degree-days  is  6000.  and  summer  melting  100  cm,  and  let  us  trace  the  changes  of  thickness  from 
year  to  year.  Let  us  consider  265  cm  to  be  the  maximum  ice  thickness  in  the  given  region,  in 
other  words,  we  shall  use  formulas  (3)  and  (5)  in  the  computations,  ignoring  the  amount  of  summer 
warming,  which  as  yet  is  little  known.  I computed  table  76  on  the  basis  of  just  such  assumptions. 
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TABLE  76.  CHANGE  IN  THICKNESS  OF  ICE  OF  DIFFERENT  THICKNESSES  BROUGHT 
INTO  A REGION  OF  6000  FREEZING  DEGREE-DAYS  AND  100  CM  SUMMER 
MELTING 


Ice  Thickness 

Initial  Ice  Thickness  in  cm 

0 

200 

400 

600 

800 

By  the  end  of  the  first  winter 

196 

289 

453 

636 

828 

By  the  end  of  the  second  winter 

225 

231 

386 

577 

759 

By  the  end  of  the  third  winter 

241 

276 

355 

523 

693 

By  the  end  of  the  fourth  winter 

250 

272 

370 

474 

630 

This  table  again  illustrates  a characteristic  situation,  i.e..  when  thinner  ice  arrives  in  a re- 
gion with  climatic  conditions  characterized  by  a certain  maximum  ice  thickness,  it  gradually  be- 
comes thinner.  I computed  table  77  according  to  the  same  formulas. 


TABLE  77.  ICE  THICKNESS  IN  CM  WITH  A CONSTANT  6000  FREEZING  DEGREE-DAYS. 

BUT  WITH  VARIABLE  SUMMER  MELTING  AND  AN  INITIAL  ICE  THICKNESS 
OF  0 CM 


Melting  in  cm 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

After  the  first  winter  .... 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

•After  the  second  winter  • • 

279 

272 

266 

259 

253 

247 

241 

236 

230 

225 

After  the  third  winter  .... 

342 

328 

316 

303 

291 

280 

269 

259 

249 

241 

After  the  fourth  winter  . . . 

394 

371 

355 

337 

320 

304 

288 

274 

261 

250 

After  the  fifth  winter  .... 

439 

410 

388 

364 

344 

328 

302 

285 

269 

255 

After  the  sixth  winter  .... 

479 

444 

416 

387 

362 

341 

313 

293 

274 

259 

After  the  seventh  winter  . . 

515 

475 

440 

407 

377 

351 

321 

298 

278 

261 

After  the  eighth  winter  . . . 

548 

503 

462 

424 

390 

359 

327 

302 

281 

262 

After  the  ninth  winter  .... 

579 

528 

481 

439 

401 

366 

332 

305 

283 

263 

After  the  tenth  winter  .... 

607 

548 

499 

452 

411 

372 

336 

308 

284 

264 

Maximum  Thickness 

2,  380 

1,185 

790 

595 

480 

405 

353 

315 

287 

265 

From  tables  76  and  77  it  can  be  seen  that  it  takes  a great  many  years  for  ice  to  reach  its  max- 
imum thickness.  Hence,  it  follows  that  if  the  climatic  conditions  of  a given  region  are  known,  the 
thickness  of  ice  accretion  indicates  its  age.  On  the  other  hand,  the  maximum  thickness  of  ice  ac- 
cretion. determined  by  some  method,  can  serve  as  an  excellent  climatic  characteristic  for  individ 
ual  regions;  actually,  both  the  winter  and  summer  regimes  of  the  investigated  regions  enter  into 
this  value. 
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Section  88.  Temperature  of  Sea  Ice 

Many  observers  have  studied  sea-ice  temperatures  and  their  vertical  distribution,  but 
Malmgren  and  Sverdrup  were  the  first  to  conduct  observations  that  encompassed  all  the  seasons. 
These  observations  were  made  from  October  1922  through  June  1924,  during  the  expedition  on  the 

Maud.* 

From  these  and  other  observations,  it  follows  that  the  temperature  of  the  lower  surface  of 
ice  is  very  close  to  the  freezing  point  of  sea  water,  i.e. , it  is  approximately  constant,  while  the 
temperature  of  the  ice  surface  is  close  to  the  air  temperature.  Since  the  air  temperature  fluctu- 
ates during  the  day.  the  temperature  of  the  upper  layers  also  fluctuates  during  the  day.  Further- 
more. the  daily  variation  of  ice  temperature  is  caused  by  the  daily  variation  of  radiation.  Thus, 
very  often,  under  clear  night  skies,  the  temperature  of  the  ice  surface  can  be  several  degrees 
lower  than  the  air  temperature,  duo  to  the  radiation  which  is  Intense  at  this  time.  During  the  day, 
when  solar  radiation  penetrates  the  ice  and  is  partially  absorbed  by  it,  the  temperature  of  the  ice 
rises  slightly,  independently  of  the  air  temperature.  As  a result  of  such  a daily  temperature  var- 
iation. the  ice  strength,  which  also  depends  on  temperature,  has  a daily  variation.  The  ice  is 
strongest  at  about  sunrise  and  weakest  at  about  sunset.  This  fact  should  be  considered  when  using 
ice  crossings. 

Table  78  gives  some  extracts  from  Malmgren 's  observations  during  the  winter  of  1923-192 4. 


TABLE  78.  SEA-ICE  TEMPERATURE  IN  "C.  ACCORDING  TO  MALMGREN'S  OBSERVATIONS 
DURING  1923  AND  1924 


Depth  in  cm  from  the  Ice  Surface 

0 

25 

75 

125 

200 

Maximum  diurnal  temperature  Increase  . . 

8.7 

4.3 

1.6 

1.8 

0.3 

Maximum  diurnal  temperature  decrease . . 

6.8 

2.4 

1.4 

0.7 

0.4 

Mean  annual  temperature 

-15.7 

-13.3 

-10.2 

-8.3 

-4.8 

Absolute  annual  minimum 

-42.2 

-30.4 

-23.7 

-17.3 

-10.0 

As  was  to  be  expected,  the  diurnal  temperature  variations,  the  mean  annual  temperature  and 
the  absolute  annual  minimum,  which  characterize  the  temperature  amplitude  in  the  given  case, 
decrease  with  depth. 

Table  79  and  figure  80  show  the  mean  monthly  temperatures  at  different  depths  from  the  ice 
surface,  computed  by  Malmgren  from  daily  observations  during  the  winter  of  1923-1924.  The 
average  temperatures  of  October  and  November,  which  were  obtained  from  the  averages  of  the 
corresponding  months  in  1922  and  1923,  are  exceptions. 

In  figure  80,  the  average  monthly  temperatures  are  plotted  along  the  Y-axis  and  the  corre- 
sponding months  along  the  X-axis.  If  we  exclude  the  January  anomaly,  which  was  due  to  the  air 
temperature  anomaly,  the  curves  of  the  average  monthly  temperatures  are  quite  symmetrical. 


♦The  observations  were  made  with  resistance  thermometers  and  thermocouples  frozen  into 
the  ice. 
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Figure  80.  Annual  variation  of  monthly  ice  temperatures  at 
different  depths  from  the  ice  surface,  according 
to  Mai  mgr  en.  Observed  temperatures  ( — ) and 
temperatures  computed  by  the  harmonic 
formula  ( — ). 

The  branches  of  these  curves  corresponding  to  a temperature  increase  are  steeper  than  those  cor- 
responding to  a temperature  decrease.  This  phenomenon  is  in  agreement  with  the  following: 
during  a temperature  increase,  the  increase  takes  place  from  above  and  from  below  at  every  point 
in  the  ice,  but  during  a temperature  decrease,  when  there  is  a steady  flow  of  heat  from  below 
(from  the  water),  the  cooling  occurs  only  from  above. 


The  following  formula  is  often  used  to  calculate  the  annual  temperature  variation  on  the  basis 
of  mean  monthly  temperatures 


tm  = Tm  + a s\n(A+m),  (i) 

where  tm  is  the  mean  monthly  temperature,  Tn  is  the  mean  annual  temperature,  a is  the  ampli- 
tude of  variation,  A is  the  initial  phase  and  m is  an  angle  reckoned  from  the  middle  of  January, 
representing  the  number  of  months . 

Obviously,  when  this  formula  is  used,  the  annual  temperature  variation  at  different  levels 
will  be  represented  by  sinusoids  that  differ  from  each  other  in  amplitude  and  phase.  For  ice  depths 
of  75  cm  and  200  cm,  these  sinusoids  appear  as  the  dashed  lines  in  figure  80,  which  was  constructed 
on  the  basis  of  Malmgren's  computations. 

As  was  to  be  expected,  all  anomalies  are  eliminated  by  the  sinusoids.  There  is  no  January 
anomaly  and  there  is  no  difference  in  the  slope  of  the  inclines,  but  the  lag  of  the  minimum  average 
temperatures  in  the  deeper  layers  of  the  ice,  as  compared  with  the  time  during  which  these  same 
temperatures  occurred  in  the  layers  near  the  surface,  is  shown  in  greater  relief. 

Table  80  shows  the  mean  monthly  air  and  ice  temperatures,  according  to  the  observations 
made  by  Savel'ev  on  Uyedineniye  Island  in  1939.  The  table  shows  the  characteristic  decrease  of 
the  minimum  temperature  level  and  the  sharp  decrease  of  the  average  ice  temperature  by  May  and 
June,  despite  the  steadily  increasing  ice  thickness. 
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TABLE  79.  THE  MEAN  MONTHLY  TEMPERATURES  OF  SEA-ICE  IN  °C  AT  DIFFERENT 
LEVELS  (NEGATIVE  TEMPERATURES) 


Depth 

In  cm 

Months 

0 

25 

75 

125 

200 

Average 

0-200 

January  

28.0 

24.1 

18.9 

14.0 

6.5 

15.9 

February  

30.9 

26.9 

21.3 

16.3 

8.5 

18.3 

March 

29.1 

26.0 

21.0 

16.5 

9.6 

18.3 

April 

21.6 

20.1 

17.3 

14.4 

9.4 

15.2 

May  

7.4 

8.6 

9.3 

9.2 

7.4 

8.4 

June  

1.5 

3.0 

4.1 

' ■ 

3.8 

3.6 

July 

0.0 

0.1 

1.3 

1.8 

1.0 

August 

0.0 

0.0 

0.8 

mm 

1.2 

0.8 

September 

4.7 

1.3 

0.9 

M 

1.3 

1.9 

October 

12.3 

7.6 

3.3 

1.6 

1.4 

4.2 

November 

23.0 

17.8 

11.9 

7.1 

2.4 

10.2 

December  

29.9 

24.4 

17.7 

12.2 

4.6 

15.1 

Average  . . . 

15.4 

13.3 

10.6 

8.1 

4.8 

9.4 

TABLE  80.  MEAN  MONTHLY  AIR  AND  ICE  TEMPERATURES.  SAVEL'EV'S  OBSERVATIONS 
ON  UYEDINENIYE  ISLAND,  1939 


Months 

January 

February 

March 

April 

May 

June 

Remarks 

Air 

26.60 

22.75 

23.69 

19.38 

6.85 

+0.96 

With  the  exception 

Ice  level  in  cm 

of  the  air  tempera- 
ture in  June,  the 

10 

17.90 

15.48 

16.16 

15.50 

7.92 

1.39 

temperatures  are 

20 

15.86 

14.21 

14.91 

14.58 

8.00 

2.20 

negative  throughout 

30 

12.90 

12.34 

13.00 

12.91 

7.30 

2.20 

40 

10.35 

11.59 

12.39 

12.49 

7.58 

2.56 

60 

6.67 

8.43 

9.46 

9.84 

6.35 

2.68 

80 

3.99 

6.49 

7.76 

8.42 

6.10 

3.18 

100 

3.71 

5.05 

5.97 

4.74 

2.59 

120 

2.14 

3.62 

4.80 

4.34 

2.72 

140 

2.30 

3.27 

3.49 

2.42 

160 

2.22 

1.49 

Average  Ice 
Temperature 

10.18 

8.26 

8.35 

8.89 

5.50 

2.44 

J 
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Figure  81.  Ice  temperatures  at  Cape  Schmidt. 

Figure  81  shows  the  air  temperature  and  vertical  temperature  distribution  in  ice  observed 
from  10  April  to  8 June  1937,  in  the  region  of  Cape  Schmidt  and  the  Chuckchee  Sea  (according  to 
Georgievskii).  Like  Malmgren's  observations,  this  figure  shows  how  slowly  the  minimum  tem- 
perature is  established  in  the  dfpp  layers  and  it  shows  the  characteristic  summer  temperature 
minimum  in  the  middle  of  the  ice.  This  phenomenon  is  well  known  to  polar  navigators,  who  have 
found  through  experience  that  the  upper  part  of  the  ice  is  the  hardest  during  ice  formation  but  that 
the  middle  part  is  hardest  during  the  melting  period. 

Interesting  observations  of  the  brief  but  sharp  air  temperature  changes  on  the  heat  regime  of 
the  ice  with  a 30  cm  snow  cover  were  conducted  in  Dickson  Bay  (Bukhta  Dikson)  by  Savel'ev.  From 
2 to  18  February  1944,  the  air  temperature  changed  from  -16°  to  -38°  to  -6°,  the  surface  tem- 
perature of  the  snow  changed  from  -16°  to  -40°  to  -7°,  the  surface  temperature  of  the  ice  frorn 
-8°  to  -19°  to  -10°,  and  the  temperature  at  the  80  cm  level  from  -1.4°  to  -7°  to  -5°.  Minimum 
temperatures  lagged  at  the  lower  levels,  and  with  the  beginning  of  warming  appeared  in  the  middle 
levels  of  the  ice. 

Malmgren  made  another  deduction  from  his  observations  of  ice  temperatures.  Figure  82 
shows  the  vertical  distribution  of  the  mean  annual  ice  temperatures. 


ICE  TEMPERATURE 


Figure  82.  The  mean  annual  temperature  of  sea  ice  in  the 
Arctic  Basin,  according  to  Malmgren. 
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These  temperatures  decrease  with  increasing  depth  of  the  lower  layer  from  the  surface  and. 
at  a depth  of  280  cm  (if  we  continue  the  curve  by  geometric  extrapolation)  become  equal  to  the 
freezing  point  of  sea-water  (in  the  region  of  Malmgren's  observations.  -1.5').  This  is  the  depth 
which  Malmgren  considers  the  average  thickness  of  ice  formed  in  the  East  Siberian  Sea  due  to  heat 
conductivity . 

LITERATURE:  39  . 62.  104. 


Section  89.  The  Lag  of  the  Temperature  Minimum 
in  the  Lower  Levels  of  Sea  Ice 

Quite  naturally,  the  late  appearance  of  minimum  temperatures  at  the  lower  levels  of  sea-ice 
is  the  result  of  the  Fourier  Laws  of  the  distribution  of  periodic  temperature  fluctuations  in  a uni- 
form solid  body  of  infinite  proportions.  However,  in  sea-ice.  this  has  certain  specific 
characteristics . 


At  the  lower  surface  of  the  ice.  the  temperature  remains  near  the  freezing  point,  but  at  the 
upper  surface  it  is  close  to  the  air  temperature.  Let  us  assume  that  the  temperature  of  the  ice 
surface  reaches  its  minimum  at  a certain  moment.  .After  this,  the  following  factors  will  help  in- 
crease the  ice  temperature:  1)  solar  radiation,  which  raises  the  temperature  of  the  ice  surface, 
penetrates  deep  into  the  ice.  and  converts  into  heat  there;  2)  the  heat  incident  on  the  ice  surface 
from  the  air.  whose  temperature  gradually  increases;  3)  the  continuous  heat  flux,  both  winter  and 
summer,  from  the  water  through  the  lower  surface  of  the  ice.  such  as  the  heat  of  crystallization 
which  is  released  during  the  formation  of  ever  newer  ice  layers  at  the  lower  surface  of  the  ice. 

If  we  ignore  the  action  of  solar  radiation  on  the  internal  parts  of  the  ice.  the  temperature  at  any 
point  of  the  ice  will  change  according  to 

dt  k (d't\ 

dT“  c*  *.  \<W’  <i: 

where  t is  the  temperature.  T the  time,  h is  the  heat  conductivity,  c ^ is  the  specific  heat  of  ice 
and  6 j is  the  ice  density. 

Since  the  ice  surface  is  warmed  through  quickly  during  the  spring,  at  first  the  vertical  tem- 
perature gradients  in  the  upper  part  of  the  ice  will  be  considerably  greater  than  in  the  lower  part; 
consequently  (see  figure  83)  the  minimum  temperature  level,  which  decreases  in  size,  gradually 
drops  lower  and  lower  until  it  assumes  a position  approximately  in  the  middle  of  the  ice  mass. 


Actually,  after  the  temperature  of  the  surface  layer  increases  to  the  freezing  point,  i.e. , 
after  it  becomes  approximately  equal  to  the  temperature  of  the  lower  layer,  and  after  a situation 
is  established  where 


where  (8^  / 8 z)+ s is  the  temperature  gradient  at  a distance  z above  a given  point,  (dt  /dr  )_  „ is 
the  temperature  gradient  at  a distance  s below  a given  point,  i.e. , the  arrival  of  heat  from  above 
will  be  equal  to  the  arrival  of  heat  from  below;  there  will  be  no  reasons  for  any  further  descent  of 
the  minimum.  On  examining  figure  81,  which  represents  Georgievskii's  observations  of  ice  tem- 
peratures at  Cape  Schmidt,  and  table  80  which  gives  the  temperature  observations  nude  by  Savel'ev 
on  Uyedineniye  Island,  we  see  that  these  data  completely  confirm  the  above  hypothesis. 
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The  following  formula  is  derived  from  the  Fourier  Law  of  the  distribution  with  depth  of 
periodic  surface-temperature  changes  of  a uniform  infinite  body. 


where  2 is  the  depth  of  the  level  computed  from  the  surface  of  the  ice,  t is  the  time  lag  of  the  max- 
imum or  minimum  at  a (given!  depth,  k is  the  thermometric  conductivity,  T is  the  period  of  tem- 
perature change  (in  our  case,  10.4  months  is  the  time  it  takes  for  the  temperature  of  the  surface 
layer  of  the  ice  to  return  to  the  initial  temperature) . 

From  formula  (3).  we  obtain 

fc  = T*F=000029|-’  (4) 

where  t is  expressed  in  days,  2 in  centimeters  and  k in  cm^/sec. 

Malmgren  computed  the  dates  of  minimum  temperature  at  different  levels  in  the  ice  (table  81) 
from  his  observations  of  ice  temperature  and  from  his  theoretical  sinusoidal  curves  (figure  80).  I 
obtained  the  values  of  the  coefficients  of  thermometric  conductivity  of  ice,  given  in  table  82,  by 
successive  substitution  of  the  following  in  formula  (4):  the  depths  25,  75,  125  and  200  cm,  and  the 
corresponding  time  intervals  8,  19,  29  and  50  days,  taken  from  the  surface  minimum  (on  26 
January). 


Figure  83.  Diagram  of  the  drop  in  the 
level  of  minimum  ice  tem- 
perature in  the  summer. 


TABLE  81.  THE  DATES  OF  MINIMUM  ICE  TEMPERA- 
TURES AT  DIFFERENT  LEVELS,  ACCORD- 
ING TO  MALMGREN' S OBSERVATIONS 


0 cm  26  January 

25  cm  3 February 

75  cm  14  February 

125  cm  24  February 

200  cm  17  February 
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TABLE  82.  THE  THERMOMETRIC  CONDUCTIVITY  OF  SEA-ICE 
COMPUTED  FROM  THE  LAG  OF  MINIMUM 


TEMPERATURES 

In  the  layer:  from  0 to  25  cm  0.0029 

from  25  to  75  cm  0.0060 

from  75  to  125  cm  0.0072 

from  125  to  200  cm  0.0026 

In  the  layer:  from  0 to  75  cm  0.0049 

from  0 to  125  cm 0.0053 

from  0 to  200  cm  0.0046 


Malmgren  notes  quite  correctly  that  formulas  for  the  depth  distribution  of  periodic  tempera- 
ture fluctuations  in  a uniform  medium  of  infinite  thickness  should  not  he  applied  to  sea-ice.  which 
is  not  uniform  and  is  comparatively  thin.  Actually,  one  of  the  basic  assumptions  of  the  theory  of 
the  propagation  of  periodic  fluctuations  in  a homogeneous  medium  consists  of  the  fact  that  the  av- 
erage annual  temperature  at  various  levels  is  equal  to  the  average  annual  temperature  at  the  sur- 
face of  the  medium.  This  assumption,  as  well  as  the  other  assumptions  in  the  theory,  is  not  ap- 
plicable to  sea-ice.  Therefore.  Malmgren  used  other  methods  to  determine  the  heat  conductivity. 

UTERATURE:  62.  104. 

Section  90.  Ice  Accretion  Due  to  Low  Ice  Temperatures 

We  have  already  seen  that  under  certain  conditions  the  ice  which  had  formed  during  the  win- 
ter can  become  thicker  during  the  summer,  because  ice  formed  from  melt  water  which  had  drained 
beneath  the  ice  freezes  to  the  lower  surface  of  the  ice  when  it  comes  into  contact  with  the  cold  sea 
water . 

However,  aside  from  this,  ice  accretion  can  continue  even  after  the  air  temperature  be- 
comes higher  than  the  temperature  of  the  surface  layers  of  the  ice  until  the  temperature  of  the  ice 
reaches  the  temperature  of  the  water  beneath  it  (see  Section  62). 

Let  us  try  to  compute  approximately  the  maximum  possible  ice  accretion  at  the  lower  sur- 
face of  the  ice,  due  to  the  cold  reserves  which  accumulated  within  the  ice  during  the  winter.  Let 
us  make  the  following  assumptions: 

1.  The  heat  reserves  in  the  water  are  so  slight  that  we  can  ignore  them. 

2.  All  the  cold  accumulated  in  the  ice  during  the  winter  is  expended  on  summer  ice 
accretion . 

3.  The  vertical  temperature  distribution  in  the  ice  is  linear  (in  other  words,  the  vertical 
temperature  gradient  is  constant). 

Under  these  assumptions,  we  can  write  the  equation: 

(/,  — t)  V,'  = m 
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where  t(  is  the  average  minimum  temperature  of  the  ice,  r is  the  freezing  point,  <5j  is  the  ice 
density,  c j is  the  specific  heat  of  the  ice,  i is  the  ice  thickness,  \ is  the  heat  of  the  fusion,  and 
A£  is  the  increase  of  ice  thickness  due  to  its  internal  cold  reserves,  characterized  by  the  left  side 
of  equation  (1). 

For  the  sake  of  simplicity,  if  we  assume  that  \ = 80  g-cal/g  and  c . = 0.5  g-cal/g,  we  will 
get  1 

A/==-W  <2) 

or  if  we  consider  that  the  temperature  of  the  ice  changes  linearly  from  its  upper  to  its  lower  sur- 
face, we  get 

'»+-  . 

A‘  = 160  ' = “§20“  (3) 


where  t0  is  the  temperature  of  the  upper  surface  of  the  ice  and  r,  as  before,  is  the  temperature  of 
the  lower  surface  of  the  ice.  equal  to  the  freezing  point  of  the  sea  water  in  which  the  ice  is  floating. 

I computed  table  83  according  to  formula  (3). 


TABLE  83.  MAXIMUM  ICE  ACCRETION  DUE  TO  THE  LOW  TEMPERATURES  WITHIN 
THE  ICE  (IN  CM) 


i 

+ 

v 0 

10 

-15 

-20 

-25 

-30 

50 

2 

2 

3 

4 

4 

100 

3 

4 

6 

7 

9 

150 

5 

6 

9 

11 

13 

200 

6 

8 

11 

15 

17 

250 

8 

11 

15 

18 

21 

Table  83  infers  that  the  internal  cold  reserve  cannot  increase  the  ice  thickness  more  than  5 
to  10  per  cent. 

UTERATURE:  77. 


CHAPTER  VII 
DEFORMATION  OF  ICE 


: 


Section  91.  The  Deformation  of  an  Ice  Cover 

As  was  already  shown,  the  formation  of  sea  Ice  occurs  in  a calm  sea  only  in  exceptional 
cases  and  in  comparatively  small  area;  i.e. , at  the  shore  of  small  bays  and  in  unfrozen  patches  of 
water  (polynyas)  which  are  situated  between  large  ice  fields.  In  the  majority  of  cases,  the  young- 
ice  formations  are  subjected  to  various  deformation  processes  from  the  very  first  moment  of 
origin. 

Changes  in  form  and  size  of  ice  caused  by  temperature  variations  are  designated  "thermal 
deformations,"  while  those  caused  by  vertical  iuid  horizontal  movements  are  classed  as  "dynamic 
deformations.  " 

We  have  subdivided  both  these  deformations  and  others  into  two  further  classifications:  rela- 
tive to  the  structure  and  the  properties  of  the  sea  ice  (Internal)  and  relative  to  the  form  and  size 
(external) . 

The  internal  thermal  deformations  can  he  conditioned  by  the  separation  of  fresh  ice  from  the 
brine  cells  and  capillaries  with  a reduction  in  the  temperature  of  the  sea  ice. 

Since  the  volume  of  ice  Is  approximately  !>  per  cent  more  than  that  of  water  from  which  it  was 
formed,  it  is  clear  that  additional  tensions  occur  which  fracture  the  ice  with  every  temperature 
reduction  in  every  salt  cell.  The  developed  pressure  in  this  case  reaches  upwards  of  1,200 
kg/cm2. 

After  the  beginning  of  a thaw,  this  process  Is  even  intensified.  Actually,  the  melted  water, 
which  penetrates  from  the  surface  ice  along  the  capillary  fissures  to  the  lower  (already  cold)  parts 
of  the  ice,  freezes,  expands,  and  thus  causes  the  formation  of  new  thermal  fissures.  A net  of  very 
fine  fissures  results  from  these  processes,  and  ultimately  weakens  the  sea  ice. 

The  external  thermal  deformations  of  ice  are  caused  in  the  following  manner.  According  to 
the  observations  of  Malmgren,  the  tempernture  of  the  surface-layer  of  ice  fields  in  the  Arctic 
Basin,  following  approximately  behind  the  air  temperature,  changes  from  -2”  to  -42°  In  the  course 
of  a winter.  In  connection  with  this,  great  tensions  occur  which  cause  inner  structural  changes  in 
the  Ice,  as  well  as  jamming  (and  sometimes  the  break-up  into  blocks)  and  fissures. 

Internal  dynamic  deformations  are  caused  by  ice  Jams,  and  are  usually  accompanied  by  ex- 
ternal deformations.  Air  bubbles  and  the  brine  of  the  salt  cells  and  capillaries  are  squeezed  out  by 
this  process.  The  sea  Ice  gradually  becomes  more  monolithic  and  fresh.  Moreover,  at  low  tem- 
peratures, strong  Jamming  welds  the  structure  into  one  complete  unit  In  addition  to  Increasing  the 
crystal  size,  ns  may  be  observed  in  the  lower  layers  of  the  ice. 
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The  much  more  diverse  external  dynamic  deformations  fracture  ice  formations,  thus  causing 
changes  in  either  their  outline  and  form,  as  well  as  hummocks  and  isostatic  phenomena. 

Wind,  rough  sea,  sea  currents,  tidal  phenomena,  and  the  forces  of  gravity  appear  to  be  the 
chief  factors  determining  the  dynamic  deformation.  All  those  factors  function  differently  in  open 
sea  and  along  the  shore,  on  floating  ice  and  on  fast  ice,  on  winter  (cold)  and  summer  (warm)  ice,  on 
solid  and  broken  ice.  Wind  exerts  the  greatest  influence  on  floating  ice  in  an  open  sea;  however, 
the  rolling  sea  is  the  greatest  deformative  factor  on  the  Ice's  edge.  Along  the  shore,  sea  currents 
and  tidal  phenomena  play  a much  greater  role  than  the  wind. 

In  winter,  thermal,  and  especially  dynamic,  deformations  occur  with  a distant  din. 

According  to  their  statements,  all  polar  explorers  learn  very  quickly  to  distinguish  by  sound 
the  changes  occurring  in  the  ice  surrounding  them  in  winter.  Thus,  at  low  temperatures,  the  for- 
mation of  thermal  crevices  is  accompanied  by  sounds  which  resemble  harsh  gunshots.  The  break- 
up of  ice  causes  the  most  diverse  types  of  sounds. 

On  the  other  hand,  the  quiet  which  accompanies  the  summer  break-up  impressed  all  the  ex- 
plorers, being  sometimes  far  more  grandiose  in  size  than  the  winter  break-up.  Huge  monoliths  of 
ice  broke  off,  sighed,  and  plunged,  producing  almost  no  noise.  Furthermore,  this  occurred  in  the 
complete  absence  of  wind.  It  is  necessary  to  note  that  the  dynamic  deformations,  which  are  deter- 
mined by  the  different  velocities  of  the  various  ice  fields,  depend  on  active  forces  and  do  not  re- 
quire high  velocities  for  large-moving  ice  fields.  Significant  fissures  and  hummocks  are  some- 
times formed,  as  it  were,  under  completely  calm  circumstances. 

According  to  the  observations  of  Brusnev,  hummock  ridges,  stretching  along  the  New  Siberian 
Islands,  are  found  in  quiet  weather.  They  are  the  result  of  movement  of  one  ice  field  along  another 
which  is  immobile.  Sometimes  the  ice  hummocks  rise  to  a height  of  7 m,  although  the  relative 
movement  of  the  fields  is  imperceptible  to  the  eye. 

I.ITKRATURK:  62.  77. 


Section  92.  Thermal  Fissures 

As  we  have  seen,  the  temperature  of  the  bottom  surface  of  the  ice  fields  generally  remains 
constant.  Consequently,  with  a temperature  change  in  the  upper  layers,  the  bottom  surface  of  the 
field  will  strive  to  preserve  its  dimensions,  while  the  dimensions  of  the  upper  surface  may  change 
radically  in  one  direction  or  another,  depending  on  the  salinity  of  the  ice,  its  temperature,  and  the 
direction  of  the  temperature  change.  Hence  it  follows  that  the  ice  field  will  sag  in  one  direction  or 
another  under  the  influence  of  the  surface-layer  temperature,  as  long  as  thermal  fissures  do  not 
appear  on  the  top  or  the  bottom  of  its  surface  (see  figure  84). 

If  the  temperature  change  forces  the  upper  layers  to  contract,  the  fissures  will  appear  on  the 
upper  surface.  On  the  other  hand,  if  the  surface  layers  expand  under  the  influence  of  the  tempera- 
ture the  fissures  will  appear  on  the  lower  surface.  Since  the  surface  layers  of  ice  are  almost 
fresh,  the  upper  surface  of  the  ice  will  usually  contract  with  a reduction  in  temperature  and  thus 
become  covered  with  fissures.  This  phenomenon  received  the  name  of  "frost  cracks.  "* 


♦The  frost  crack  is  also  characteristic  of  icebergs  and  glaciers.  Icebergs  also  split  into 
monoliths  and  sometimes,  in  the  winter,  disintegrate  before  your  eyes.  This  is  accompanied  by 
harsh  noises,  which  exceed  in  volume  the  noise  of  the  break-up  of  ice  fields.  In  the  Alps,  the 
noises  in  glaciers  are  always  taken  as  one  of  the  signs  of  a bad  change  in  the  weather. 


Figure  84.  The  formation  scheme  of  thermal  fissures.  The  forces 
causing  the  fissures  are  shown  by  arrows. 

The  fissures,  once  formed,  are  gradually  filled  from  below  by  sea  water,  which  freezes  on 
contact  with  the  cold  ice;  and  from  above  by  snow  and  water,  which  flows  over  them.  In  such  a 
manner,  owing  to  the  temperature  change  of  the  ice,  a constant  ice  accumulation  and  a cause  for 
continuing  tension  occur.  In  the  presence  of  a continuous  ice  cover,  these  tensions  cause  thermal 
jammings  and  the  formation  of  small  hummocks  and  ridges  on  the  surface  of  the  ice.  These  phe- 
nomena have  already  been  pointed  out  by  Nordenskjold. 

Thermal  expansion  and  tension  of  ice  is  complicated  by  the  fact  that  the  surface  of  the  ice, 
which  varies  according  to  the  structure,  is  usually  covered  by  snow  layers  of  various  thicknesses, 
which  decrease  the  amplitude  of  the  surface  temperatures  of  the  ice  differently.  Thus,  toward  the 
system  of  fissures,  in  the  coldest  (therefore  the  hardest  and  most  brittle)  surface  ice  layers.  This 
system  begins  with  very  fine  capillaries,  proceeds  in  all  directions,  and  interlaces,  penetrating 
and  separating  the  large  areas  of  ice.  According  to  Schirschov  and  Fedorov,  after  all  the  snow  had 
thawed  in  the  summer  and  the  melted  water  had  flowed  off  the  ice,  the  ice  field  on  which  the  station 
"North  Pole"  was  built  appeared  covered  with  a net  of  more  or  less  deep-surface  fissures.  When 
holes  were  dug  in  the  ice,  deep  thermal  fissures  were  repeatedly  discovered. 

According  to  the  observations  of  the  Scdou  25  March  1939  at  86°  26.5'  north,  109°  41'  east, 
in  one  24  hour  period  the  ice  was  covered  by  an  unusual  net  of  threadlike  fissures;  at  the  time  the 
air  temperature  was  about  -39°. 

Frost-cracking  of  sea  ice  continues  all  winter  (especially  with  marked  reductions  in  temper- 
ature) and  is  accompanied  by  a characteristic  noise  which  reminds  one  of  the  reverberation  of  a 
gunshot.  A number  of  the  thermal  fissures  are  filled  with  snow  and  water,  which  freeze  on  contact 
with  cold  ice  and  are  done  away  with  in  such  a manner.  Others  remain  and  prepare  the  ice,  as  it 
were,  for  a subsequent  disintegration  into  separate  parts,  under  the  influence  of  suitable  external 
forces.  The  presence  of  thermal  fissures  in  ice  should  afford  an  explanation  for  the  comparatively 
easy  break-up  of  thin  (even  strong  in  appearance)  ice  fields,  when  sufficient  areas  of  open  water  ap- 
pear among  these  ice  floes.  Thus,  in  the  middle  of  February,  1938,  I observed  how,  near  the 
shores  of  Greenland,  the  i'rmak  easily  split  ice  blocks  3 to  5 m thick. 

In  some  cases,  thermal  changes  in  the  ice  area  can  also  have  an  immediate  practical  meaning. 

As  Barabanov  and  Richter  point  out,  in  the  case  of  damage  done  to  hydraulic  installations 
from  dynamic  horizontal  pressure  of  ice  in  the  Neva  Bay  of  the  Gulf  of  Finland  (impact  of  ice 
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blocks)  it  is  not  the  periodic  phenomena  which  are  especially  important.  The  intense,  nonperiodic 
fluctuations  of  the  sea  level  have  a much  greater  significance,  for  stone  piles  and  individual  stones 
of  earthwork  embankments  and  pavements,  which  are  frozen  into  the  ice,  are  pulled  from  the 
ground  with  a quick  and  significant  increase  of  sea  level.  Serious  damage  to  the  hydraulic  instal- 
lations is  caused  also  by  the  expansion  of  the  ice  cover  during  the  spring  through  solar  radiation 
(thermal). 

As  an  example  of  the  last  type  of  damage,  the  authors  cite  the  inclination  of  one  of  the  light- 
house towers  in  the  region  of  the  island  of  Kotlin.  After  the  spring  of  1926,  the  tower  tilted  1°  30' 
from  the  vertical,  and  toward  March,  1927,  the  inclination  of  the  tower  reached  2°  07'  in  the  same 
direction. 

Minute  observations  were  carried  out  on  the  basis  of  these  investigations  to  explain  this 
phenomenon,  and  Barabanov  and  Richter  arrived  at  the  following  conclusion.  It  appears  that  a 
continuous  ice  field,  with  one  of  its  boundaries  attached  to  the  shore,  expanded  with  the  increase 
in  temperature  of  the  spring  air,  thus  exerting  strong  pressure  on  such  installations  as  the  light- 
house tower.  The  extent  of  the  stress  depended  on  the  height  of  the  structure,  within  the  limits  of 
the  normal  thickness  of  the  ice  cover.  This  stress  extended  to  significantly  greater  heights,  with 
the  size  of  the  piled-up  masses  of  ice  from  the  previous  fall  and  winter  periods. 

Fissures  are  extremely  important  in  the  construction  of  ice  roads.  The  width  of  the  thermal 
fissures  on  Lake  Baikal  sometimes  reached  2 m.  In  the  laying  of  a winter  railroad  before  con- 
struction of  the  railroad  circling  the  lake,  the  power  in  the  formation  was  so  great  that  the  rails 
were  split.  The  coefficient  of  linear  expansion  of  the  ice  was  almost  five  times  more  than  that  of 
iron.  Bolts  and  fastenings  were  strewn  in  all  directions,  and  the  road  was  destroyed  along  some 
ten  miles.  During  the  first  days  of  construction,  doubts  arose  as  to  the  possibility  of  an  ice  road 
across  such  a wide  water  stretch  as  Lake  Baikal. 

As  Bernstein  notes,  fissures  which  stretched  almost  parallel  to  the  road  for  10  m charac- 
terize ice  crossings.  These  fissures  sometimes  traverse  the  road  at  very  small  angles.  They 
have  a width  of  4 to  5 cm  at  the  top  and  a depth  of  40  to  50  cm.  With  temperature  increase,  they 
are  filled  with  melted  water,  which  freezes  with  a subsequent  temperature  decrease. 

Bernstein  explains  the  origin  of  longitudinal  'fissures  as  follows:  The  ice  under  the  railroad 
bed  is  always  eventually  cleared  of  the  snow,  thus  becoming  thicker  than  that  in  adjacent  areas. 
With  a temperature  decrease,  the  ice  surface  not  covered  by  snow  becomes  colder  more  rapidly. 

A difference  in  temperature,  which  also  causes  fissures,  is  thereby  created.  Bernstein  notes 
that  though  snow  removal  from  the  road  advantageously  thickens  the  ice,  it  nevertheless  causes 
detrimental  longitudinal  fissures.  I do  not  believe  that  the  thermal  effect  is  the  sole  cause  for  the 
formation  of  longitudinal  fissures  on  ice  crossings.  Ice  is  thicker  on  crossings  where  the  snow 
has  been  removed;  consequently,  hydrodynamic  forces  raise  the  crossings.  With  the  construction 
of  roads  on  ice,  the  weight  (cross  ties,  rails,  etc.)  exert  a downward  pressure  on  the  ice.  If 
these  influences  are  not  in  equilibrium,  it  is  understandable  that  the  appearance  of  longitudinal 
fissures  Is  inevitable.  Bernstein  recommends  snow  removal  from  the  largest  possible  area  along 
the  tracks  as  one  of  the  preventive  measures  against  the  damaging  after-effects  of  fissures. 

In  1942,  I examined  fissures  along  the  tracks  of  the  railroad  across  the  River  Kuznechikh  to 
Archangel.  The  fissures  were  10  m and  10  cm  wide,  with  a funnel-shaped  top.  One  had  a mea- 
sured depth  of  approximately  70  cm.  The  fissure  was  completely  dry  (the  air  temperature  on  this 
day  was  about  -20°)  and  ran  along  the  section  cleared  of  snow,  inside  the  wooden  structure  of  the 


244 


Li 


railroad.  I noted  no  change  in  the  fissures  as  a 52  ton  locomotive  passed  over  the  road.  Such 
longitudinal  thermal  fissures  are  caused  on  ice  roads  which  are  constructed  on  fast  ice. 

Occasionally,  "gorges"  are  formed  at  the  intersection  of  two  fissures.  At  first  glance,  these 
represent  the  greatest  possible  danger,  but  in  the  described  case  I did  not  notice  any  movement  of 
the  ice.* 

When  appraising  the  dangerousness  of  fissures,  it  is  necessary  to  remember  that  in  the 
course  of  time  any  breaks  and  fissures  are  gradually  closed.  As  already  noted,  thin  ice  grows 
more  quickly  than  thicker  ice.  Thus,  a peculiar  cushion  of  ice  grows  under  each  fissure,  which 
compensates  for  its  harmful  influence. 

LiTERATUBE:  17,  62,  76,  77. 

Section  93.  Wind  Pressure  on  Ice  Fields 

Wind,  with  its  pressure,  exerts  a double  effect  on  ice  fields:  it  moves  ice  fields  (wind  drift 
of  ice,  see  Chapter  11),  causing  fluctuating  movements  of  the  ice  fields,  which  are  accompanied 
by  wind  waves  behind  it  on  the  ice  cover  and  break-up  of  the  ice  fields. 

Let  us  assume  that  air  molecules  move  in  the  wind  with  one  and  the  same  velocity  and  in  one 
and  the  same  direction  (horizontal).  Let  us  further  assume  that  a hummock  is  situated  on  the  ice 
field  with  the  slope  toward  the  wind  (figure  85). 


Figure  85  . Pressure  of  the  wind  on  ice  hummocks . 


♦The  road  foreman  described  to  me  how  he  attempted  to  fill  the  fissures  and  gorges  with 
water.  He  noted  that  the  ice  formed  from  the  poured  water  did  not  hold  fast  to  the  main  mass  of  ice. 
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If  we  resolve  the  pressure  of  the  wind  into  Its  component  parts,  we  obtain 

Pn  = P sin  a, 
p,=*  p COS  a, 


<1) 

(2) 


where  pn  Is  the  wind  pressure  on  the  plane,  perpendicular  to  the  wind — the  active  force-power  of 
the  wind;  pt  the  pressure  gliding  along  the  windward  surface  of  the  hummocks  (therefore,  insig- 
nificant in  the  first  approximation  of  the  movement  and  heaping  of  ice);  p the  pressure  in  the  di- 
rection of  the  wind;  and  a the  slope  angle  of  the  hummocks . 

Resolving  further  the  operating  power-force  of  the  wind  on  the  vertical  and  horizontal  com- 
ponents, we  obtain 


ph  = Pn  sin  a =p  Sin2  a, 
P 


Pr  = pn  COS  « 


sin  2a, 


(3) 

(4) 


where  pu  is  the  moving  force  of  the  wind,  or  the  power-force,  which  causes  the  drift  of  the  ice; 
and  pf j is  the  drowning  power  of  the  wind,  or  the  power  which  causes  vertical  fluctuation  of  the 
ice  cover. 

From  formulas  (4)  and  (3),  it  follows  that  the  wind  attains  its  maximum  moving  force  with 
ice  blocks  having  perpendicular  walls.  However,  the  maximum  drowning  force  of  the  wind  is  at- 
tained with  hummocks  having  slopes  of  45°  . In  this  case,  we  have 
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(5) 


Furthermore,  we  know  that  the  wind  pressure  on  a unit  area,  perpendicular  to  the  wind,  is 
approximately  proportional  to  the  square  of  the  wind  velocity, 

p = aw2,  (6) 

where  w is  the  wind  velocity;  a is  the  coefficient  of  proportionality. 

From  the  formulas  cited  above,  it  follows  that  with  an  adequate  wind  velocity  and  with  a 
small  hummock-floating,  the  drowning  power  of  the  wind  may  be  greater  than  the  floating  of  the 
hummocking  and  thus  cause  it  to  sink. 

Since  the  drowning  power-pressure  of  the  wind  is  determined  also  by  the  inclination  and  the 
area  dimensions  of  the  windward  slope  of  the  hummock,  individual  parts  of  the  ice  fields  with  an 
Irregular  upper  surface  are  subjected  to  various  stresses.  This  generates  vertical  movements  of 
separate  parts  of  the  ice  field,  and  thus  its  eventual  break-up. 

In  the  derivation  of  the  cited  formulas,  I took  into  consideration  the  laminar  motion  of  the 
air  current,  but  the  air  is  turbulent  and  its  vertical  components  create  disproportionate  stress, 
even  on  completely  level  fields.  As  a result,  vertical  fluctuations  are  caused  in  the  ice,  similar 
to  a wind  wave  on  the  surface  of  the  sea. 

Observers  repeatedly  noted  the  appearance  of  wind  ripples  on  the  thin  ice.  Bernstein  points 
out  that  the  instrument  observations  carried  out  in  1927  on  the  Volga  established,  without  a doubt, 
the  origin  of  the  wind  fluctuations  of  the  ice  level.  Thus,  with  a wind  of  13  m/sec.  (which 
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corresponds  to  a pressure  of  21  kg/m  on  a surface  perpendicular  to  the  wind),  a constant  agitation 
of  the  ice  (irregular  periods  of  20  to  180  sec.)  was  observed.  The  amplitude  reached  3 mm  (figure 
861.  In  calm  weather,  fluctuations  of  an  equal  order  were  not  observed. 


LITERATURE:  17,  77. 

Section  94.  Break-up  of  Ice  Fields 

Let  us  assume  that  initially  we  have  a large  ice  field.  With  diverse  conditions  existing  in 
the  sea,  the  examined  field  cannot  be  equally  durable  and  vigorous  in  its  entire  extent;  this  is  not 
possible  since  it  usually  consists  of  comparatively  small  ice  blocks  which  are  frozen  together. 
Even  if  the  field  is  initially  completely  homogeneous,  it  will  be  gradually  covered  by  a set  of 
thermal  and  dynamic  fissures.  The  external  forces  of  a different  order,  which  have  a varying 
effect  on  individual  parts  of  the  field,  cause  tension  of  a distinct  order.  When  these  tensions  ex- 
ceed the  limit  of  plasticity  of  the  weakest  parts  of  the  examined  field,  it  separates  along  the  lines 
of  least  resistance. 

Of  the  external  forces  which  fracture  ice  fields,  sea  current  and  tidal  phenomena  are  most 
important  in  the  Littoral  Belt,  while  in  the  open  sea  the  wind  exerts  the  greatest  influence  on 
floating  ice. 

The  appearance  of  fissures  in  the  ice  fields  naturally  preceeds  the  break-up.  Sometimes 
ice  hummocks  result  from  the  contact  of  large  ice  fields  and  thus  border  the  fields.  Moreover, 
large  fissures  are  not  observed . 

During  powerful  jammings,  large  fissures  are  found  which  run  across  the  entire  field, 
fracturing  it  into  large  sections. 

It  was  established  from  a trial  durability  test  of  materials  that  the  length  of  the  test  model 
must  not  exceed  five  times  the  dimension  of  the  smallest  magnitude  of  its  transverse  section. 
Otherwise,  the  model  is  bent  and  cracked  with  jamming  even  with  the  comparatively  largest  ice 
blocks,  where  the  horizontal  dimensions  often  surpass  the  vertical.  Thus  it  is  necessary  to  re- 
gard the  formation  of  fissures  accompanying  ice  jamming  as  entirely  natural. 
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Figure  87.  The  location  of  the  fissures  in  the  region  of  the  drift 
of  the  Sadho  from  November  through  December  1937. 


Figure  87  corroborates  that  well.  Figure  87  depicts  Gordeev's  sketching  of  the  disposition  of 
the  icebreakers  Sadko,  Xilygin,  and  Sedov,  which  drifted  with  the  ice  in  the  northern  part  of 
the  Laptev  Sea,  as  well  as  the  dynamic  fissures  formed  from  November,  1937,  to  January,  1938, 
in  the  region  of  the  drift.  The  drawing  gives  the  relative  shift  of  the  ships  for  that  period. 

It  is  curious  to  note  that  in  November,  1937,  the  fleet  of  ships  drifted  approximately  in  a 
northerly  direction  as  a result  of  the  southeast  wind.  At  the  end  of  November,  the  winds  were  from 
the  southwest;  during  December,  the  ships  drifted  east-northeast.  It  is  clearly  shown  in  the  sketch 
that  the  principal  directions  of  the  fissures  were  approximately  perpendicular  to  the  prevailing  wind. 

In  1934,  during  magnetic  observations  on  the  Ice  of  the  Chukchee  Sea  (after  the  destruction  of 
the  dfu-l  iuskin),  Fakdov  set  up  two  identical  perpendicular  surfaces  on  an  artificial,  leveled  ter- 
race. He  observed  that  the  ice  began  to  fluctuate  from  time  to  time  along  them.  After  an  analysis 
of  his  observations,  Fakidov  arrived  at  the  following  conclusions: 

1.  Wind  appears  to  be  the  chief  cause  of  ice  fluctuation. 

2.  The  greatest  range  of  fluctuation  is  observed  to  be  in  the  direction  of  the  wind. 
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3.  With  the  same  wind  force,  the  fluctuations  increase  with  the  stoppage  of  drift  and,  in 
particular,  with  the  break-up. 

4.  Appearance  of  ice  fluctuation  anticipates  the  wind. 

Vertical  ice  fluctuations,  which  are  caused  by  the  wind  even  with  a smooth  ice  surface,  in- 
volves break-up  of  a field  into  parts,  superimposition  of  one  block  on  another,  and  ice  heaping. 

In  such  seas  as  the  Barents  and  Greenland  Seas,  where  the  ice  edge  is  clearly  defined,  the 
wave  is  also  important  in  the  break-up  of  ice  fields  in  addition  to  the  action  of  the  wind.  This  is 
corroborated  by  the  observations  of  the  station  "North  Pole"  and  the  Sedou. 

The  drift  of  the  icefields  of  the  station  "North  Pole"  first  occurred  quietly.  The  winterers  oc- 
casionally discovered  fissures,  which  were  formed  in  connection  with  the  temperature  changes.  They 
did  not  observe  ice  hummocks  and  powerful  shocks  till  the  end  of  January,  1938.  Even  rotation  of  the 
icefields  around  the  vertical  axis  were  comparatively  small,  especially  at  the  beginning  of  the  drift. 

The  first  powerful  shock  was  observed  on  20  January  1938,  and  the  first  fluctuations  of  the  the- 
odolite level  were  discovered  on  the  following  day  (the  ice  field  was  located  in  the  Greenland  Sea  about 
77°  latitude).  Without  a doubt,  this  was  related  to  the  fact  that  the  entire  month  of  January  was 
stormy  in  the  Greenland  Sea.  The  wind  velocity  often  reached  30  m/sec.  Since  the  eastern  part  of  the 
Greenland  Sea  is  always  ice-free,  the  ice  fields  began  to  move  somewhat  as  a result  of  this  wind  force. 

On  26  January,  a storm  set  in  which  lasted  six  days.  The  ice  field  began  to  undergo  more 
powerful  oscillations.  The  period  of  these  oscillations  was  10  to  12  seconds  and  was  the  sum  of  the 
waves  period  and  the  period  of  its  own  fluctuations.  The  inclination  of  the  ice  field  reached  60 
angular  seconds  or  more.  As  a result  of  these  oscillations,  tensions  were  generated  in  the  ice 
field,  which  finally  caused  it  to  break  up  on  1 February  along  lines  approximately  perpendicular  to 
the  wind  direction.  A large  surge  undoubtedly  caused  these  fluctuations  and  thus  the  break-up  of 
the  ice  field.  The  surge  was  caused  by  stormy  winds  in  the  neighboring  ice-free  areas  of  the 
Greenland  Sea  and  spread  in  all  directions  according  to  a general  law. 

On  2 January  1940,  the  first  oscillations  of  the  Sedou  were  observed  by  fluctuations  of  the  the- 
odolite tube  at81°01.9'  latitude  and  3°  18'  longitude.  The  fluctuations  occurred in  the  plane  of  the 
meridian  with  a periodicity  characteristic  for  a surge.  At  this  time,  the  ice  edge  was  not  located 
north  of  80°  latitude. 

On  12  January  1940,  it  was  noted  in  the  log  of  the  Sedou: 

"2100,  significant  surge  30  m — when  the  ridge  passed,  ice  was  raised  a little  and  broke  open. 
When  the  base  of  the  wave  had  passed,  the  ice  rejoined  with  a creak,  characteristic  of  jamming. 

The  phenomenon  occurred  with  a periodicity,  characteristic  for  a heavy  sea  of  9-10  sec." 

LITERATURE:  11,  41,  42,  62,  77,  131. 

Section  95.  Rotation  of  Ice  and  Its  Break-up 

The  break-up  of  ice  fields  occurs  quite  often  during  the  rotation  of  ice,  which  is  caused  by 
various  factors.  The  first  systematic  research  of  the  causes  of  ice  rotation  was  carried  out  by 
Gakkel  and  Khmyznikov  during  the  expedition  on  the  Cheliuskin  in  1933-34. 

Let  us  assume  that  ice  belts,  consisting  of  several  blocks,  move  along  a rectilinear  shore 
(figure  88).  If  the  ice  is  very  firm,  the  littoral  belt  remains  immobile  as  the  seaward  belt  glides 
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along  it.  If  the  ice  blocks  can  move  freely,  the  ice  blocks  at  the  rate  relative  to  the  ice  drift  will 
rotate  clockwise  in  connection  with  the  friction  of  ice  blocks  against  the  shore,  with  a smaller  ve- 
locity of  current  at  the  shore,  and  with  other  conditions.  In  1933-34,  the  drift  of  the  Chel  iuskir. 
jegan  on  21  September  1933.  at  Cape  Vankrl  in  the  Chuckchee  Sea  (figure  158).  At  this  time,  the 
ship  was  surrounded  by  solid  ice  hummocks . 


Figure  88.  Rotation  plan  of  ice  with  drift  along  a rectilinear  shore. 


At  first,  the  ship  drifted  with  the  southwest  wind  along  the  shoreline  to  the  southeast.  With 
the  same  wind  force,  the  heaping  of  young  ice  between  old  ice  gradually  increased.  The  drift  was 
simultaneously  slowed  down.  According  to  Gakkel  and  Khmyznikov,  these  phenomena  were  caused 
by  the  contact  made  by  the  ice  drifting  around  projecting  Cape  Onman.  At  least,  after  passing  this 
cape,  the  drift  accelerated . 

Gradually,  the  ice  belt  with  which  the  Chel  ins'!  in  drifted  was  pressed  toward  the  shore,  and 
on  23  September,  when  the  ship  was  7.3  miles  east-southeast  of  the  island  Koliuchin,  the  drift  of 
the  ship  discontinued.  One  mile  north  of  the  ship,  the  ice  continued  to  drift  southeast.  A sharp 
rectilinear  edge  was  formed  at  the  junction  of  the  immobile  and  drifting  ice.  Between  its  polished 
vertical  walls,  there  was  a narrow  (about  a meter)  strip  of  rubbed  ice.  .After  about  12  days,  the 
ice  field  with  the  'htliuskin.  having  been  shifted  by  the  wind,  broke  off  from  the  fast  ice  and  re- 
sumed its  course  to  the  southeast. 

On  28  and  29  October  1933.  when  the  Chrl  iusk  in  was  at  Cape  Serdtse-Kameni.  the  course  of 
the  belt  was  changed  165  ° in  a clockwise  direction  for  two  days . This  was  the  most  powerful  (angu- 
lar velocity  reached  10°  per  hour)  rotation  of  the  ice  for  the  entire  drift  period.  Gakkel  and 
Khmyznikov  note  that  this  rotation  was  not  caused  by  the  wind,  since  the  winds  were  steady  and 
from  a southwest  direction,  but  by  the  resistance  given  the  ice  drift  by  Cape  Iukagir. 

The  rotation  was  caused  by  other  factors . which  were  also  analyzed  by  Gakkel  and 
Khmyznikov.  These  depended  on  the  distance  of  the  Chel  iusk  in  from  shore. 

From  the  morning  of  5 November  to  the  morning  of  6 November  1933.  the  rotation  of  the  ice 
field  of  the  hr  l i us  k in  was  clockwise,  with  a steady  six-point  east  wind,  which  could  be  explained 
by  influence  of  the  fast  shore  ice.  The  wind  direction  began  to  change  in  a clockwise  direction.  In 
connection  with  this,  the  ice  field  began  to  turn  counterclockwise;  i.e.  . in  the  converse  direction. 


Similar  phenomena  were  obaerved  in  other  cases,  and  Gakkel  and  Khmyznikov  explain  them  in  the 
following  way . 

It  was  noted  that  in  the  majority  of  cases,  the  corresponding  drift  of  the  ice  outstrips  the  wind 
which  caused  it. 

With  regard  to  the  slowness  of  the  wind,  an  observer,  being,  for  example,  at  one  end  of  this 
Immobile  ice  field,  notes  drift  which  begins  during  a calm.  The  wind,  blowing  at  the  opposite  end 
of  the  field,  caused  the  ice  to  move  relative  to  the  observer  before  the  wind  reached  the  observer. 
Some  time  had  already  elapsed  before  the  wind  reached  the  observer.  If  the  wind  direction  changes 
at  the  opposite  end  of  the  field,  in  addition  to  the  progressive  movement,  usual  with  an  established 
or  prevailing  wind,  the  field  begins  to  rotate  since  the  different  ends  of  the  field  will  be  subjected  to 
different  wind  directions. 

From  these  simple  considerations,  we  can  readily  see  that  with  constant  winds  ice  fields 
move  lineally,  but  with  a change  of  wind  they  begin  to  rotate  in  a direction  opposite  to  that  of  the 
wind.* 


On  12  November  1933,  owing  to  a suitable  wind,  the  western  part  of  the  Cheliuskin  ice 
field  moved  over  the  western  boundary  of  the  currents  from  the  Bering  Strait.  As  a result  of  the 
continued  influence  of  the  wind  and  current,  the  angular  velocity  of  the  ice  field  reached  4°  per 
hour  (counterclockwise).  According  to  Gakkel  and  Khmyznikov,  the  increase  in  the  ice  rotation  was 
the  result  of  two  ends  of  the  ice  field  being  located  in  regions  having  sea  currents  of  different 
velocities. 

The  ice  rotation  with  which  the  .'heliusk  i r,  drifted  continued  sufficiently  intensive  until  the 
end  of  November,  1933,  when  the  helinski  n was  at  least  60  miles  from  shore. 

Gakkel  and  Khmyznikov  explain  the  velocity  decrease  of  the  ice  rotation,  which  had  begun  at 
the  end  of  November,  as  follows.  At  this  time,  the  winter  was  established  in  the  Chuckchee  Sea— 
it  was  filled  with  ice  to  such  an  extent  that  any  movement  of  ice  was  difficult. 

It  is  clear  that  with  rotation  of  the  ice  fields,  collisions,  which  are  accompanied  by  heaping 
and  breakup  of  ice,  are  inevitable.  Such  phenomena  were  observed  up  to  the  destruction  of  the 
i he  1 iusk  in,  which  was  a result  of  fissures  and  hummocks  caused  by  a six-point  wind. 

At  1320,  13  February  1934,  the  ice  drift  in  which  the  Chel  i usk  in  was  frozen  discontinued 
suddenly.  Following  this,  the  fissure  at  the  stern  of  the  ship,  which  had  been  formed  on  7 
February,  began  to  separate.  That  part  of  the  ice  northwest  of  the  ship  started  to  move,  drawing 
the  ship  behind  it  along  the  edge  of  the  immobile  ice  on  the  southeast  side  of  the  ship.  The  ice 
along  the  side  of  the  Chel  iusk  in  began  to  be  heaped.  On  the  starboard  side  of  the  ship,  the  blocks 
moved  under  the  hull;  on  the  port  side,  however,  the  ice  was  forced  upwards. 

At  1330,  the  Chel  iuskir.  was  hooked  by  its  stern  to  an  entire  field  which  had  not  been 
touched  by  the  preceding  jamming.  Since  only  the  ship  was  stopped,  its  port  side  was  torn  by  the 
windward  ice,  which  continued  to  drift. 


♦See  Section  138. 
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At  1430,  greater  damage  had  been  inflicted  on  the  ship  by  the  strong  ice  pressure,  and  at 
1600,  13  February  1934,  the  ship  sank. 

After  the  catastrophe  of  the  ship,  the  participants  of  the  expedition  from  the  '-'hel  iuskin 
crossed  the  ice  and  stayed  until  13  April  1934,  at  the  so-called  "Camp  Schmidt. " On  this  day,  the 
last  participants  of  the  expedition  were  taken  from  the  ice  by  airplanes. 


During  the  time  of  the  sojourn  on  the  ice,  Gakkel  and  Khmyznikov  continued  their  interesting 
observations,  which  were  the  first  in  this  respect.  The  ice  continued  to  drift  (obeying  the  wind  and 
the  current)  to  rotate,  to  be  heaped,  and  to  be  fractured.  Figure  89  shows  the  plan  of  Camp 
Schmidt  for  8 March  1934. 
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Figure  89.  Plan  of  Camp  Schmidt. 


The  fissures,  which  were  formed  during  the  existence  of  a camp,  are  shown  in  addition  to  the 
movements  of  the  ice  fields  relative  to  one  another. 

The  ice  field  of  the  station  ’’North  Pole”  underwent  practically  no  rotations,  relative  to  the 
meridian,  during  the  drift  from  the  North  Pole  to  the  Greenland  Sea.  The  ice  with  which  the 


Sedov  drifted,  generally  moved  quite  calmly.  The  ship  experienced  sharp  rotations  only  with 
sharp  wind  changes,  which  were  accompanied  also  by  sharp  changes  in  the  direction  of  the  drift. 
Fissures,  breaking  up,  and  heaping  of  ice  occurred  simultaneously. 

Thus,  on  12  November  1938,  it  was  observed  on  the  Sedov  that  the  ice  began  to  move  in  an 
unusual  manner  after  the  southeast  wind,  with  a force  of  7 to  8 points  (which  blew  for  a period  of 
48  hours),  had  been  replaced  by  a powerful  southwest  wind.  A fissure  passed  at  50  to  70  m from 
the  ship  and  widened  up  to  10  to  15  m.  An  open  patch  of  water  (polynya)  100  x 150  m square  was 
formed  on  the  starboard  side  of  the  ship. 

Hummocks  appeared  simultaneously  in  all  directions.  The  course  of  the  ship  changed  quickly 
from  100°  to  75°,  and  later  turned  to  87°. 

Thus,  rotation  inevitably  results  from  collision  of  ice  fields  and  ice  blocks  which  have  some 
freedom  of  movement  relative  to  one  another,  such  as  when  they  are  situated  in  sea  currents  which 
differ  in  velocity  and  direction  or  become  subject  to  wind  which  acts  differently  on  various  ice 
blocks  with  regard  to  their  size  and  form.  The  ice  fields  begin  to  collide  and  to  rotate;  as  a result, 
their  sharp  corners  break  off  gradually  and  become  worn.  If  viewed  from  the  top,  the  ice  blocks 
have  a characteristic,  monotonous,  oval  form.  Only  ice  blocks  which  have  not  been  separated  from 
ice  fields,  and  broken-up  ice  fields  which  cannot  undergo  any  further  break-up  because  of  solid  ice, 
retain  their  initial  angular  contour.  This  process  is  particularly  characteristic  of  warm  ice;  i.e. , 
for  spring  and  summer. 

LITERATURE:  38,  72,  77. 


Section  96.  Break-up  of  Fast  Ice 

As  we  have  seen,  the  break-up  of  ice  fields  in  the  open  sea  occurs  as  a result  of  wind  action, 
sea  currents,  and  ice  fluctuations.  The  break-up  of  fast  ice  occurs  as  a result  of  the  same  factors. 
Naturally,  it  is  necessary  to  distinguish  the  break-up  of  fast  ice  at  the  shore,  which  is  open  to  the 
sea,  and  that  of  fast  ice  in  closed  bays  and  narrow  straits. 

The  break-up  of  fast  ice  in  open  shores,  even  with  solid  ice  present  in  the  sea,  may  occur 
during  the  entire  winter.  Thus,  e.g.,  at  Cape  Cheliuskin,  in  the  winter  of  1942-43,  fast  ice  broke 
up  four  times  before  the  end  of  March:  5 and  24  November,  27  January,  and  25  March. 

On  24  November,  the  center  of  an  intense  cyclone  was  situated  between  Franz  Joseph  Land 
and  Novaya  Zemlya  (pressure:  in  the  Bay  of  Tikhara,  981.  6 mb,  on  Cape  Cheliuskin  1010.7  mb) . 
Over  the  entire  Kara  Sea,  a southwest  storm  reached  a force  of  eight  marks  or  points.  As  a 
result,  the  fast  ice  at  Cape  Cheliuskin  was  fractured. 

On  26  January,  the  center  of  a vigorous  cyclone  was  situated  toward  the  north  of  Franz  Joseph 
Land  (pressure:  in  the  Bay  of  Tikhara  980.9  mb,  on  Cape  Cheliuskin  1010.2  mb).  On  27  January, 
the  center  of  the  same  cyclone  moved  to  the  northern  part  of  Severnaya  Zemlya  (pressure:  on  the 
Island  of  Domasch  984.5  mb,  on  Cape  Cheliuskin  1000.6  mb,  and  at  Tiksi  Bay  1035  mb).  A stormy 
southwest  wind  reached  a force  of  8 to  9 points.  As  a result,  the  fast  ice  at  Cape  Cheliuskin  was 
fractured.  Furthermore,  on  28  January,  an  unusual  rise  in  the  level  to  1.25  above  the  normal  was 
noted  at  Cape  Cheliuskin.  This  increase  was  evidently  connected  with  observed  storms.  Some 
small  barges  and  mooring  ropes  were  damaged  at  this  time. 
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On  25  March,  the  center  of  a cyclone  was  situated  northeast  of  Severnaya  Zemlya  (pressure: 
on  the  Island  of  Domasch  992.6  mb,  on  Cape  Cheliuskln  1000.3  mb).  A storm  with  a force  up  to 
eight  points  was  located  over  the  northeastern  part  of  the  Cheliuskin  Sea.  As  a result,  the  fast  ice 
(thickness  73  to  78  cm)  was  broken  up  at  Cape  Cheliuskin. 

On  the  basis  of  the  cited  cases,  it  follows  that  the  break-up  of  durable  fast  ice  at  shores, 
open  to  the  sea,  may  occur  at  any  time  during  the  winter  under  appropriate  meteorological  con- 
ditions in  spite  of  the  great  strength  of  floating  and  fast  ice. 

I consider  that  all  these  phenomena  result  from  waves  generated  in  the  ice  cover  as  the  re- 
sult of  the  storm.  The  waves  are  propagated  in  the  water  masses  under  the  ice.  The  ice  cover 
bends  in  conformity  with  the  form  and  velocity  of  the  propagation  of  these  "water"  waves.  This 
ice  cover  is  only  a thin,  partly  plastic  and  partly  brittle  film,  which  is  bent  at  some  places,  ac- 
cording to  the  form  of  the  water  wave,  while  at  other  places  it  is  broken  open. 

The  most  interesting  phenomena  are,  of  course,  those  during  the  storm,  26  to  28  January 
1943,  when  the  fast  ice  at  Cape  Cheliuskin  was  gradually  broken  open.  A hugh  wave  rolled  in  Tiksi 
Bay,  in  spite  of  the  fact  that  the  entire  sea  was  covered  by  solid  9-10  ice  with  a thickness  of  more 
than  a meter.  This  wave  recalls  the  phenomenon  called  "sea  bar"  by  the  fishermen  of  the  German 
Baltic. 

A roller,  with  a height  of  1 to  2 m,  appears  on  the  surface  of  the  calm  sea,  accompanied  in 
various  cases  by  smaller  waves.  This  roller  approaches  and  breaks  on  the  shore  with  foam  and 
spray.  A special  investigation  affirmed  that  the  sea  bar  was  caused  by  a sharp  change  in  the 
atmospheric  pressure,  sometimes  in  distant  regions  of  the  Baltic  Sea.  It  is  also  known  that  the 
sea  surge  formed  as  a result  of  storms  can  cover  large  distances.  Thus,  e.g. , on  1 March  1886, 
an  unusual  surge  with  a length  of  400  m and  a velocity  of  propagation  of  25  m/sec,  was  noted  at 
the  Island  of  Voznesenie.  This  surge  occurred  on  25  February  in  the  region  (40°  north,  55°  east) 
and  covered  3,  640  miles  in  100  hours. 

It  is  clear  that  the  ice  cover  softens  these  phenomena  and  that  a combination  of  various  cir- 
cumstances is  necessary  for  their  distinct  development.  With  the  exception  of  the  enumerated 
cases,  observations  of  this  type  are  unknown  to  me.  Thus  conclusions  are  not  possible. 

LITERATURE:  62,  77. 


Section  97.  Theoretical  Concept  of  Ice  Heaping 

The  dynamic  deformation  of  ice  cover  appeared  most  intense  in  ice  heaping  ("hummocking"). 

Hummocking  is  a complex  process.  It  may  be  caused  by  various  factors  and  occurs  differ- 
ently in  ices  of  different  thickness  and  durability.  Thus,  it  is  difficult  to  sum  up  the  theoretical 
basis  of  the  process  of  hummocking.  Moreover,  it  is  necessary  to  examine  only  the  first  step  in 
this  respect. 

In  order  to  simplify  the  considerations,  I assume  that  at  the  time  of  hummocking,  neither 
thawing  nor  accretion  by  freezing  occurs,  and  that  the  ice  appears  absolutely  as  an  inealstic  body; 
in  other  words,  only  residual  deformations  are  created  within  it. 
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The  following  chief  processes  may  be  distinguished  in  hummocking: 

1.  The  firmness  of  ice,  which  results  in  the  destruction  of  the  spaces  between  the  ice  blocks 
("beams"). 

2.  Ice  packing,  which  results  from  squeezing  air  and  brine  bubbles  from  the  ice. 

3.  Fracture  and  break-up  of  ice  into  the  largest  or  the  smallest  fragments. 

4.  Formation  of  hummocks,  which  consists  of  the  moving  of  ice  fragments  to  the  upper  sur- 
face of  the  ice  and  the  packing  of  fragments  under  the  ice. 


Let  us  assume  that  we  have  two  ice  fields,  moving  in  one  direction  with  different  velocities. 
After  collision,  the  united  field  will  move  with  a common  velocity  where  m is  the  mass  of  the  ice 
field. 


v = m\V\  + 

mi+m2  ’ 


(1) 


The  kinetic  energy,  according  to  formula  (1),  of  the  united  ice  fields  after  the  collision  will  be 


£ _ mv2_ml  + m2  /miVi+maV 
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Before  the  collision,  the  energy  of  the  first  field  was  Ei  = — ***- 

_ m,vl 

while  that  of  the  second  was  t2  = — • 

Consequently,  the  energy  of  the  two  fields  was 

E1  + E,  = £L».v».+  m^  . 

Subtracting  (2)  from  (3),  we  obtain  the  kinetic  energy  lost  in  the  deformation  of  the  collided  ice 
fields;  namely 
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It  is  evident  that  if  the  second  field  is  not  mobile,  then 
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where  £'1  is  the  energy  of  the  first  field. 

If  the  mass  of  the  second  field  is  immeasurably  great,  compared  to  that  of  the  first  iield, 
then  from  formula  (5),  we  see  that  the  total  energy  of  the  first  field  is  expended  in  the  deformation. 

Let  us  now  assume  that  a rectangular  ice  field  was  pushed  up  on  a straight  vertical  shore 
(figure  90)  with  one  of  its  sides  perpendicular  to  the  shoreline. 

Its  energy,  before  coming  to  rest  at  the  shore,  was  equal  to 


E'=m£-riib8iL., 


(6) 
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where  h Is  the  thickness  of  the  ice  field,  / is  the  length  of  the  Ice  field,  b is  the  width  of  the  ice 
field,  6t  is  the  ice  solidity. 

As  we  have  seen,  the  loss  of  kinetic  energy  is  expressed  in  the  packing,  smashing,  and  hum- 
mocking  formation.  In  the  last  process,  part  of  the  ice  fragments  move  on  to  the  ice,  while  a part 
is  crammed  under  the  ice.  In  such  a way,  kinetic  energy  is  transformed  into  potential  energy.  It 
is  necessary  to  note  that  kinetic  energy,  causing  deformations  of  ice  fields,  is  not  the  same  at  all 
points  of  the  ice  field.  At  an  external  edge  (figure  90)  of  the  ice  field,  it  is  equal  to  0;  at  point  a, 
at  the  same  distance  from  the  shore,  it  is  equal  to 

,i  = h(l  — x)bSi~  . (7) 


Figure  90.  Heaping  on  a vertical  shore. 


Finally,  at  the  shore,  the  kinetic  energy  is  defined  by  formula  (6).  In  such  a way,  the  kinetic 
energy  causing  the  deformations  increases  along  the  direction  from  the  sea  edge  of  the  ice  field 
toward  the  shore.  It  is  clear  that  the  work  which  can  be  produced  due  to  the  loss  of  energy  by  the 
parts  of  the  ice  field  which  are  more  distant  than  the  distance  x from  the  shore  can  be  shown 
adequate  only  for  a certain  packing  of  the  ice  but  not  for  its  break-up. 

At  a point  situated  at  some  distance  from  the  shore,  with  a smaller  .r  , the  kinetic  energy  of 
the  left  part  of  the  field  appears  satisfactory,  both  for  packing  and  for  smashing  of  ice,  but  in- 
adequate for  formation  of  hummocks,  and  only  beginning  with  a distance  of  significantly  smaller 
x from  the  shore  can  the  kinetic  energy  appear  adequate  for  all  three  processes:  packing,  break-up 
and  hummock  formation. 
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In  figure  90,  the  above-  and  below -water  parts  of  hummocks,  the  belt  of  completely  broken- 
up  Ice,  the  belt  of  Jammed  Ice,  and  also  the  motion  for  the  time  of  the  hummocklng  of  the  border  of 
Ice  field  In  the  direction  toward  the  shore  are  shown. 

From  the  assumption,  the  volume  of  the  ice  is  not  changed  with  hummocklng;  it  clearly  fol- 
lows that  the  volume  of  the  over-ice  ( P/,)  and  under-ice  (V'„)  parts  of  the  ice  hummock  are  exactly 
equal  to  the  volume,  to  which  the  ice  field  was  reduced  during  hummocklng;  that  is 

Vh  + V,  = haU.  (8) 

It  is  natural  that  in  the  examined  case  the  hummock  reaches  the  greatest  height  and  depth  at 
shore.  The  seaward  height  of  the  ice  hummock  decreases  in  such  a way  that  natural  slopes  are 
formed  over  and  under  water,  which  are  characteristic  for  fragments  of  ice  of  a given  size. 

If  the  ice  field  pushes  up  on  a shallow  shore  rather  than  a vertical  shore,  depending  on  local 
conditions  of  ice  hummocklng  in  the  full  sense  of  the  work,  that  also  cannot  occur.  All  kinetic 
energy  in  such  a case  can  be  expended  in  Jamming,  break-up,  friction  of  the  lower  surface  of  the 
ice  field  against  the  shore,  and  in  movement  of  the  edge  of  the  ice  field  on  to  the  shore. 

If  the  ice  field  is  pushed  up  onto  fast  ice,  the  process  proceeds  in  accordance  with  the  same 
principle,  in  the  case  of  movement  of  ice  on  to  shore,  with  the  difference  that  Jamming,  break-up, 
and  ice-hummock  formation  extend  also  to  the  seaward  ledge  of  the  grounded  ice.  It  follows  from 
that,  that  with  other  similar  conditions  (other  conditions  being  equal)  the  directions  of  the  ice  heap, 
which  is  formed  with  a collision  of  the  ice  field  and  fast  ice,  are  greater  in  area  and  less  in  height 
than  with  the  movement  of  the  ice  field  on  to  a steep  shore. 

With  flat  ice  fields,  thin  and  yet  plastic  enough,  ice  hummocklng  can  be  discharged  in  some 
packing  of  them,  and  movement  of  the  edges  of  the  ice  fields  on  to  one  another  without  preliminary 
break-up. 

Returning  to  the  case  of  an  ice  field  which  is  pushed  up  on  a steep  shore,  we  see  that  the  loss 
of  energy  is  equal  to  all  the  kinetic  energy  of  the  ice  field,  or 


From  the  formula,  it  follows  that  with  one  and  the  same  durability,  one  and  the  same  effect  can  be 
attained  either  by  an  increase  of  velocity  or  an  increase  of  mass  of  the  ice  field.  The  greatest 
velocity  of  drift  is  observed  at  that  time  when  the  ice  fields,  twisted  and  strained  from  shore  by 
suitable  winds,  are  driven  along  clear  water  to  the  shore  with  an  inverse  change  of  the  wind  di- 
rection. But  the  masses  of  ice  fields  are  of  such  size  that  even  with  the  very  smallest  velocities 
of  the  ice  fields  huge  hummock  formation  takes  place. 

As  we  have  seen,  the  dimensions  of  ice  hummocklng  are  determined  by  the  loss  of  kinetic 
energy. 

Having  distinguished  three  basic  processes  of  ice  hummocklng,  we  get 

AE  = AEi  -4-  AEa  -f  AEa,  (9) 

where  Ai’j  is  the  loss  of  energy  in  jamming,  AA’g  is  the  loss  of  energy  in  break-up,  is  the 
loss  of  energy  in  formation  of  ice  hummocks. 
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It  is  possible  to  assume  that  the  loss  of  energy  in  jamming  of  ice  is  insignificant,  as  com- 
pared with  other  losses.  The  energy  expended  in  the  complete  break-up  of  ice  hummocks  is  greater 
the  thicker  and  firmer  the  ice.  The  energy  expended  In  ice-hummock  formation  Is  more  according 
to  the  size  of  the  ice  hummock;  in  other  words,  the  greater  the  decrease  of  the  length  and  the 
greater  the  thickness  of  the  ice  field,  the  more  energy  is  expended. 

The  durability  of  the  ice  depends  to  the  greatest  degree  on  its  temperature.  From  that,  it 
follows  that  significantly  less  energy  is  expended  in  the  break-up  of  warm  ice  than  In  the  break-up 
of  cold  ice  of  the  same  volume. 

As  regards  to  the  dimensions  of  the  formation  of  ice  hummocks,  we  have  seen  that 

6AAZ  = ^+t',=  -|(W(lfl,+//ia2),  (10) 

where  is  the  volume  of  the  part  of  the  ice  hummock  over  the  ice,  V s Is  the  volume  of  part  of 
the  ice  heap  under  the  ice,  At  is  the  decrease  in  length  of  the  ice  field,  is  the  height  of  the 
above-water  part  of  the  ice  hummock  over  the  top  surface  of  the  ice  field,  a j is  the  range  of  the 
above-water  part  of  the  ice  hummock  from  the  shore,  //?is  the  depth  of  the  underwater  part  of  the 
ice  hummock  under  the  lower  surface  of  the  ice  field,  a2  is  the  extent  of  the  underwater  part  of  the 
ice  hummock  from  the  shore. 


But  if  the  ice  hummock  is  isostatically  counterbalanced,  (see  Section  103),  then 

al=fl2=fl, 

8 


where  6 j is  the  ice  density,  6W  is  the  water  density. 


From  formula  (10),  we  derive 


(ID 


According  to  the  observations,  the  angle  of  the  slope  of  above-ice  part  of  hummocks  is  about 
30°;  in  such  a case,  it  is  approximately 


a = 2 Hh, 


hU  = Hi 


(12) 


l^t  us  assume  that  a rectangular  ice  field,  with  width  b and  length  f , was  hooked  by  its  side 
to  the  shore.  It  is  clear  that  if  the  winds  blow  perpendicular  to  the  shore,  the  force  of  the  pressure 
of  the  ice  field  on  the  shore  will  be  equal  to 


F=  kblw\  <13> 

where  u)  is  the  wind  velocity,  h is  the  coefficient  of  proportionality,  depending  on  the  unevenness  of 
the  upper  and  lower  surfaces  of  the  ice,  and  also  on  other  circumstances.  It  is  natural  that  at  a 
distance  r from  the  outer  border  of  the  field,  the  forces  being  caused  by  the  movement  of  the  left 
side  of  the  field  compress  the  given  field  and  will  be  equal  to 

F^kbxw*, 
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and  the  average  normal  tension 


It  is  clear  that  the  average  tension  will  increase  along  the  direction  from  the  windward  sal- 
vage of  the  field  toward  the  shore,  and  at  a certain  distance  may  appear  equal  or  even  greater  than 
the  boundary  of  plasticity  of  the  jammed  ice  field  of  the  given  thickness.  In  the  last  case,  at  such 
a distance,  breaking  open  the  ice  field,  its  fracturing  and  subsequent  hummocking  are  inevitable. 

As  direct  observations  show,  ice  hummocking,  which  is  caused  among  the  spacious  ice  fields 
by  wind,  is  distinguished  according  to  its  character  from  ice  hummocking  which  is  caused  by  push- 
ing up  of  ice  fields  on  the  shore  or  on  fast  ice.  In  the  latter  case,  ice  hummocking  is  concentrated 
at  the  shore  and  at  the  salvages;  in  the  first  case,  ice  hummocking  is  distributed  more  or  less 
proportionally  on  the  whole  area  of  the  region  covered  by  ice  hummocking.  It  follows  from  that 
that  the  thickness  of  the  ice  which  is  hummocked  by  the  wind  is  approximately  equal  in  the  entire 
region  of  the  ice  hummocking. 

Let  us  note  further  that  the  capability  to  cause  ice  hummocking  with  every  wind  is  limited 
entirely  by  the  specified  thickness  of  the  ice.  After  the  attainment  by  the  ice  of  this  limited  thick- 
ness, a wind  with  the  same  force  blowing  even  during  the  course  of  lengthy  periods  of  time  cannot 
cause  any  new  ice  hummocking. 

Taking  into  consideration  the  circumstances  of  ice  hummocking,  I consider  we  accept  that 

A l = ctjp(w  — wh)*T,  (15> 

where  A l is  the  decrease  in  length  of  the  ice  field  in  the  direction  of  the  wind, 

f is  the  length  of  the  ice  field  in  the  direction  of  the  wind, 

h is  the  ice  thickness, 

m is  the  wind  velocity  at  a given  moment, 

wh  is  the  wind  velocity  at  which  the  ice  of  a given  thickness  is  hummocked,  or  the  velocity 
of  the  ice  hummocking  wind, 

T is  the  time, 

a is  the  coefficient  of  proportionality. 

It  is  natural  that  formula  (15)  is  applicable  only  in  that  case  when  the  velocity  of  the  affecting 
wind  is  more  than  the  wind  velocity  which  hummocks  ice  of  a given  thickness  (with  the  same 
durability). 

In  formula  (15)  variables  appear;  the  length  of  the  ice  field  (gradually  decreasing),  the 
average  thickness  of  the  ice  (correspondently  increasing),  the  velocity  of  the  ice-hum  mocking 
wind  (proportional  to  the  ice  thickness,  also  gradually  increasing),  and  finally  the  gradually  in- 
creasing time. 
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From  formula  (15),  It  is  easy  to  see  that  the  decrease  In  the  length  of  the  Ice  field  in  the 
direction  of  the  wind,  and  consequently  also  the  dimensions  of  the  Ice  hummocklng  with  the  elapse 
of  time,  approach  0. 

LITERATURE:  77. 

Section  98.  The  Aspects  of  Ice  Jamming 

It  Is  possible  to  divide  ice  jamming  into  three  aspects,  according  to  origin: 

1.  Thermal  - the  weakest,  which  takes  place  under  exceptional  conditions. 

2.  Tidal  - which  is  caused  by  the  non-slmultaneous  change  of  the  velocity  and  direction  of 
the  tidal  currents  at  a close  interval. 

3.  Wind  - the  most  powerful  ice  jamming,  which  exerts  the  greatest  forces  during  pressure 
winds  on  the  shore  or  on  fast  ice.* 

According  to  external  form,  three  aspects  of  ice  jamming  are  distinguished: 

1.  Marginal,  which  consists  of  formation  of  an  inclination  of  comparatively  large  broken, 
open  fields  into  a vertical  state,  with  relatively  small  piling  up  of  fragments  on  one  another. 

2.  The  complete  breakup  of  the  collided  edges  of  ice  beams  with  a subsequent  piling  up  of 
ridges  and  rollers  which  consist  of  fine  fragments. 

3.  The  pushing  up  of  flat  ice  beams  on  one  another,  which  is  observed  often,  particularly 
with  pancake  or  young  ice. 

Usually,  all  these  aspects  accompany  one  another,  but  with  the  predominance  of  the  first 
aspect  a hummock  ice  jam  of  marginal  crushing  type  is  obtained  (figure  91);  with  the  predominance 
of  the  second,  the  hummock  from  complete  breakup  (figure  92)  and  with  the  predominance  of  the 
third,  packed  ice  (rafting).  It  is  clear,  that  the  dimensions  in  both  these  and  other  ice  jams  de- 
pend also  on  the  relative  speed  of  movement  of  the  mass  of  the  collided  ice  beams. 

According  to  the  observations  of  ’ariia,  the  ice  hummock  forms  from  the  complete  breakup 
of  the  ice  as  characterized  more  by  the  limited  area  than  by  the  great  height  with  an  angle  of  20  to 
30°.  Among  floating  ice,  the  ice  hummock  formed  from  marginal  crushing  seldom  reaches  a 
height  more  than  5 to  6 m,  while  the  ice  hummock  from  a complete  breakup  is  6 to  8 m high.  The 
height  of  a packed  ice  hummock  is  usually  less. 

As  Nansen  indicates,  at  the  time  of  his  Journey  along  the  ice  of  the  central  part  of  the  Arctic 
Basin,  he  had  a chance  to  see  an  ice  hummock  7 m high.  "The  highest  hummocks,  which  were 
measured  by  me,  and  there  was  enough  of  that  type,"  adds  Nansen  "were  from  5.5  to  7 m high, 
and  1 can  positively  affirm  that  the  piling  up  of  sea  ice  to  heights  greater  than  8 m is  a rare 
exception. " 


♦Ice  jamming  sometimes  results  with  flowing  of  the  current  under  fast  ice,  but  these  cases 
are  rare. 
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The  height  of  the  largest  ice  hummocks,  which  were  measured  by  Gakkel  and  Khmyznikov  in 
the  Chuckchee  Sea  (in  the  region  of  the  catastrophe  to  the  ship  Chel  iuskin)  (68°18'  north,  170°50' 
west)  was  equal  to  7,2  m,  measured  from  the  level  of  the  water. 

The  dimensions  of  the  largest  ice  hummock  which  was  measured  by  Badigin  on  24  March  1939 
at  the  time  of  the  drift  of  the  S'1  iou  at  86°27.6'  north,  and  109°  west  were  in  meters:  height  6.1, 
width  32,  length  60.  The  remaining  measured  hummocks  were  significantly  lower,  their  average 
height  was  about  .5  m. 

In  the  boundary  parts  of  the  Central  Arctic  Basin,  the  height  of  the  hummocks  may  be  more. 
Thus,  Markham  encountered  ice  columns  up  to  13  m high  at  the  north  end  of  Grinnelevaya  Vemlya. 

The  chief  formation  of  ice  hummocks  from  marginal  crushing  or  from  complete  breakup  de- 
pend on  the  physical  and  especially  on  the  mechanical  properties  of  ice. 


Figure  91.  An  ice  hummock  from  marginal  crushing. 


In  ice  heaps  on  jams  from  marginal  crushing,  separate  pieces  of  ice  represent  sometimes 
surprisingly  accurate  forms  of  cubes  or  parallelepipetes.  I saw  such  ice  hummocks,  for  example, 
in  the  northwest  part  of  the  Barents  Sea.  Usually,  separate  pieces  of  ice  in  ice  hummocks  formed 
from  the  complete  breakup  are  not  so  accurate  and  regular  in  form.  Ice  heaps  resulting  from 
marginal  crushing  are,  in  general,  characteristic  for  less  durable  annual  ice,  while  ice  heaps  re- 
sulting from  the  complete  breakup  are  characteristic  for  standing  and  powerful  ice  fields,  whose 
edges  usually  they  border.  Since  the  durability  of  ice  increases  generally  with  lowering  tempera- 
tures, the  ice  hummocks  from  marginal  crushing  are  formed  more  often  in  summer  and  fall, 
whereas  the  ice  hummocks  from  complete  breakup  are  formed  in  winter. 

As  we  have  seen,  the  greatest  ice  jamming  is  caused  by  the  wind. 

Let  us  assume  that  in  a certain  region  of  the  Arctic  Basin,  calm  weather  continued  during  the 
course  of  several  days.  For  this  time,  the  wind  drift  of  the  ice  field  which  is  caused  by  the  pre- 
ceding wind,  discontinues;  separate  leads  and  separations  are  prolonged  by  the  young  ice. 
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Figure  92.  An  ice  hummock  from  complete  breakup. 

Let  us  further  assume  that  the  wind  begins  with  a sufficient  force.  Gradually  the  ice  fields, 
beginning  with  the  windward  side,  will  begin  to  move.  Large  ice  fields,  pressing  on  fields  which 
are  leeward  before  starting  into  motioD,  crumple  and  heap  the  young  ice,  which  had  been  formed 
between  them  during  the  time  of  the  calm.  In  such  a way,  the  movement  is  gradually  transferred 
to  new  powerful  ice  hills  which  in  turn  will  crumple  the  young  ice  which  is  located  between  them 
and  the  succeeding  powerful  ice  fields.  It  is  clear  that  with  the  collisions  of  large  powerful  ice 
fields  not  only  young  ice  between  them  is  crumpled  but  also  their  own  borders  of  contact. 

If  viewed  from  above,  it  would  be  possible  to  see  how  an  interrupted  strip  of  ice  heaping  runs 
leeward  zigzag  from  one  field  to  another. 

With  a very  sharp  increase  of  the  wind  force  not  only  the  young  ice  but  also  weak  ice  fields 
are  heaped.  In  such  a case,  it  was  as  if  an  ice  surge  had  passed  along  the  ice  fields  which  was 
reminiscent  of  a breaker  rolling  into  the  shallows  and  breaking  with  spray  and  foam.  After  the 
ice  surge,  the  ice  field  which  was  level  until  then  represents  a chaos  of  raised  heaps  of  diverse 
forms  and  sizes.  It  seems  that  the  vigorous  ice  fields  of  the  Central  Arctic  Basin  are  created 
chiefly  after  such  ice  heapings  and  after  various  processes  level  out  their  upper  and  lower 
surfaces. 

The  top  Ice  hummocks,  although  their  height  over  the  level  ice  is  less,  also  represents  quite 
vigorous  ones.  With  their  formation,  the  Ice  fields  very  often,  even  without  any  fracture,  as  it 
were,  push  one  under  the  other.  The  observations  of  the  Sedov  at  the  time  of  its  drift,  give  the 
idea  of  the  process  of  rafting  ice  fields. 

On  2 and  3 January  1938  In  the  drift  region  of  the  Sedov,  the  ice  fields  were  rafted  over  one 
another  in  widths  of  30  to  40  meters.  The  Sedov  was  at  the  same  time  exactly  on  the  lines  of 
movement.  At  1600  3 January,  Impacts  of  ice  were  heard  against  the  bottom  of  the  ship:  selvage 
of  the  neighboring  field  reached  the  ship  and  crossed  under  it.  For  2 to  3 minutes,  the  impacts  in 
the  ice  began  to  rebound  even  on  the  other  side  of  the  ship.  The  ice  cover  at  this  place  was 
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somewhat  opened  from  the  pushing  under  of  ice  blocks.  The  hummocks  from  small  ice  blocks  with 
a height  more  than  2 m crossed  some  meters  in  all  from  the  left  side  of  the  ship  and  approached 
close  to  the  stern. 

As  a result  of  the  pushing  up  under  the  ship,  an  ice  cushion  was  formed  not  less  than  2 m 
thick.  At  the  time  of  the  ice  heaping,  the  ship  listed  5 to  7°  to  the  left. 

Gordeev  illustrates  the  occurrences  (figure  93)  from  which  it  is  seen  that  the  ice  fields  re- 
tire under  neighboring  fields  at  the  port  side  of  the  ship  from  left  to  right  and  along  the  stern  from 
right  to  left. 


Figure  93.  Diagram  of  ice  ridging  around  the  Sedov  on 
2 and  3 January  1938. 


The  ice  thickness  pushed  under  the  Sedov,  gradually  increased  in  the  course  of  the  winter 
and  on  24  June  1938,  divers  were  let  down  under  the  stern  to  examine  the  damage  done  to  the 
Sedov  's  rudder  by  the  jamming  in  January;  it  was  noted  that  the  thickness  of  the  ice  it  had  pushed 
under  the  ship  exceeded  10  m. 

Beside  the  ice  jamming,  the  formation  of  ice  steps  appeared  as  a consequence  of  the  move- 
ment, the  breakup,  and  the  subsequent  collision  of  the  ice  beams  during  the  winter  time. 

We  already  know  that  in  the  open  sea,  old  ice  beams  appear  at  the  centers  of  new  ice  forma- 
tions. It  is  natural  that  after  some  time,  with  nice  weather,  flat  young  ice  girdled  by  a strip  of 
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pancake  Ice  will  be  located  along  every  old  Ice  block,  which  la  in  turn  girdled  by  a atrip  of  the  first 
slush.  When  new  Ice  formations  spreading  from  two  neighboring  Ice  blocks  Join,  both  Ice  blocks 
appear  united  by  a solid  Ice  covering  whose  thickness  will  be  maximum  in  the  immediate  neighbor- 
hood of  the  old  tee  and  minimum  approximately  In  the  middle  of  them. 

In  the  course  of  the  winter,  these  or  some  breaking  Intensifications  appear  sufficient  to 
facture  the  solid  ice  cover;  it  is  natural  that  this  breakup  will  go  along  the  lines  of  the  least  resist- 
ance, which  appear  as  stated,  equidistant  from  the  old  Ice  beams  frozen  in  the  young  ice.  With 
subsequent  collisions  of  broken  up  ice  fields.  Ice  jams  are  created  along  the  line  of  the  rupture,  but 
If  the  broken-away  parts,  on  breakup,  remain  at  rest  for  some  time.  Ice  formation  will  begin  again 
between  them  as  described  above. 

In  the  end  along  the  lines  of  breakup,  a characteristic  step  Is  formed.  According  to  the  ob- 
servations of  the  ,;ar ;/j,  steps  are  very  often  encountered  among  old  ice,  steps  which  comprise 
two  or  even  three  systems  of  fissures. 

LITERATURE;  11,  38,  41,  42  , 62  , 77,  88,  107,  133,  134,  164,  171. 


Section  99.  Littoral  Ice  Hummocks 

Ice  heaping  reaches  Its  greatest  dimensions  or  on  immobile  ice,  especially  If  there  is  suf- 
ficient clear  water  between  the  attaching  ice  and  the  shore,  so  that  the  ice  gains  a suitable  start. 

Morozov  cites  the  following  case  characteristic  of  the  White  Sea. 

In  December  1915,  somewhat  north  of  the  Ponoi  River,  two  ships  were  pushed  against  8 m of 
fast  ice  in  a storm.  With  further  pressure,  the  ice  was  piled  up  2 to  4 m higher  than  the  windward 
side  of  the  ship  and  was  packed  under  the  ships  to  the  bottom  (of  the  sea  bottom)  having  formed 
after  freezing  a floating  ice-heaped  mass  with  a thickness  of  14  m.  The  ships  were  raised  1 m 
during  this  pressure. 

Thereupon,  all  this  ice-heaped  field  was  broken  from  the  shore  and  was  carried  along  the  sea 
together  with  the  ships  which  were  not  able  to  be  freed;  finally,  the  ships'  company  had  to  be  trans- 
ferred to  a third  ship. 

In  this  same  year,  on  30  November,  a steamship  of  the  icebreaker  type  Iceland  on  the  way 
to  Sorokab,  24  miles  west  from  the  Soroka  settlement,  was  held  by  the  ice  during  a south -southeast 
wind  with  a force  of  6.  Ice  hummocks  were  formed  on  the  port  side  up  to  the  deck  and  the  ice 
packed  under  the  ship  which  was  completely  in  ice.  To  let  the  ship  down  on  the  water  a canal  had 
to  be  dynamited  in  the  ice  along  which  the  ship  sneaked,  and  sideways  at  that. 

Ostrovskii  cites  the  following  case  in  the  White  Sea. 

It  was  early  in  the  morning  of  5 January  1888,  when  ice  was  pushed  up  on  the  village 
Kaschkaranets  which  was  located  on  the  Kola  Peninsula.  The  low  shore  did  not  present  an  obstacle 
until  at  eight  in  the  morning  when  the  pressure  ended.  The  whole  village  was  cut  exactly  as  if  by  a 
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razor.  On  the  shore  a belt  of  Ice  remained  with  a length  of  about  1 km  and  a width  of  60  m.  Sep- 
arate ice  hummocks  reached  16  m high. 

Littoral  ice  heap  which  borders  the  sea  with  ice  selvage  is  formed  during  the  pressure  of  the 
ice  on  fast  ice.  After  formation  of  littoral  ice  hummocks,  floating  ice  can  be  driven  into  the  sea 
by  the  wind  and  the  fast  ice  begins  to  spread  out  in  winter  from  the  littoral  ice  hummocks,  so  long 
as  the  floating  ice  which  is  driven  out  does  not  cause  formation  of  new  ice  heaps  by  its  pressure. 

In  such  a way,  some  rolls  of  littoral  ice  heaps  are  created  which  are  almost  parallel  with  one 
another.  On  10  April  1944  with  fast  ice  about  9 km  wide  at  Cape  Schmidt,  ridges  of  littoral  ice 
heaps  were  counted  up  to  7 m high.  Simultaneously  at  the  Koluchin  Island,  the  height  of  the  ice 
heaps  reached  15  m. 

The  littoral  ice  hummock  can  be  one  formed  from  a complete  breakup,  from  marginal  crush- 
ing or  from  packing.  Some  observers  note  that  the  littoral  or  packed  ice  heap  usually  is  observed 
in  a concave  shore  and  is  formed  by  the  frequent  marginal  crushing  in  autumn  with  a tight  moving 
over  of  blocks  onto  one  another.  Its  height  reaches  1.5  to  2 m.  As  a consequence  of  the  pushed 
up  ice,  it  is  difficult  to  pass.  Besides  that,  sometimes  they  even  distinguish  littoral  surf  ice  hum- 
mocks which  consist  of  fine  smashed  ice  beams  about  .5  m in  diameter  which  will  wash  rolled 
around  by  the  water  and  which  are  formed  during  the  period  of  powerful  fall  storms  on  the  borders 
of  the  shore  of  fast  ice  or  in  the  neighborhood  of  the  shallows.  Relative  to  form,  it  is  relatively 
short  and  not  wide;  the  piled  up  ridge  usually  is  4 to  10  m high.  * 

As  we  have  seen,  the  powerful  polar  ice  which  was  bordered  from  the  south  by  a belt  of  ice 
heaps,  plays  the  role  of  the  grounded  ice  in  the  Central  Arctic  Basin. 

Especially  powerful  ice  heap  formations  of  several  years'  standing  are  encountered  in  the 
region  off  the  northern  coasts  of  Greenland  and  Elzmir  Island.  In  contrast  to  the  remaining  region 
of  pack  which  consists  of  comparatively  flat  ice  fields,  here,  ridges  of  ice  heaps  will  stretch  out 
obstructing  the  so-called  "American"  road  to  the  North  Pole  by  a wide  littoral  strip.  This  ice,  as 
was  already  shown,  had  received  from  Ners  the  rather  incorrect  name  "paleocrystic. " Separate 
floe  bergs  which  spotted  this  ice,  reached  10  m high  and  in  my  opinion  are  so  similar  to  icebergs 
that  even  an  experienced  polar  researcher  as  Peary  was  mistaken  in  defining  them.** 

Ice  heaping  in  the  region  of  developed  fast  ice  takes  on  large  dimensions  after  the  dissection 
or  breakup  of  the  sea,  where  comparatively  weak  ice  fields  predominate.  Soon  after  the  breakup 
of  the  sea,  such  fields  begin  to  move  and  are  driven  from  place  to  place  by  the  wind  and  the  cur- 
rents, pushing  one  another  and  forming  characteristic  ice  heaps  of  eruption.  In  the  course  of  time, 
larger  and  larger  areas  of  clear  water  are  opened  and  the  amplitudes  of  the  movement  of  these 
fields  increases  still  more.  Simultaneously,  the  velocity  of  these  movements  increases  and 
consequently,  the  living  force  of  the  moving  ice  formations.  With  the  collisions,  large  slabs  and 
monoliths  are  broken  off  and  raised  along  the  edges  of  such  fields . 


*A  characteristic  ice  hummock  iB  formed  on  the  windward  selvage.  A heavy  sea  moving 
blocks  of  ice  packed  them  solidly  one  against  the  other,  such  ice  as  Makarov  had  noted,  but  very 
heavy  for  the  ice  breaker  to  cross. 

**As  Liben  informed  me,  some  ice  pilings  were  seen  which  resembled  icebergs  in  form  and 
size  at  the  time  of  the  flight  of  the  airplane  H-169  in  March  1941  along  75°  north  and  160°  and 
165°  east. 


The  summer  ice  humtnocklng  takes  on  especially  significant  dimensions  with  the  pressure  of 
ice  under  the  influence  of  the  wind  and  of  the  currents  on  the  shores.  If  the  shore  is  deep,  the 
pressure  manifests  itself  in  the  formation  of  the  littoral  hummocks;  if  the  shore  is  shallow,  sum- 
mer stamukhi  are  formed  with  the  pressure  of  the  ice  on  the  littoral  shallows  and  banks,  stamukhi 
which  are  grandiose  in  dimensions  and  consist  of  monoliths  of  ice  1 m or  more  thick,  but  less  solid 
or  durable  than  autumn  formations. 

At  the  very  shore,  the  pressure  of  large  masses  of  ice  causes  the  advance  of  huge  monoliths 
further  beyond  the  shore  line,  where  they  remain  a long  time  until  the  surf  and  the  sun  finally 
destroy  them. 

Simultaneously,  the  pressure  on  the  shallow  shores  with  the  movement  of  ice  along  the  bot- 
tom and  the  shore  follows  them  as  it  would  seem,  ami  causes  formation  of  a dam,  which  reminds 
one  of  a moraine  and  which  consists  of  unsorted  littoral  and  shore  material  in  contrast  to  the 
sorted  shore  bank  formed  by  the  breakers.* 


Figure  94.  Ice  boulders  on  the  shore. 


The  blocks  of  floating  ice  at  the  shore  often  fall  into  the  licit  of  the  surf  and  here  some  are 
rolled  and  rounded  and  thrown  on  the  shore,  and  some,  striking  the  bottom  disintegrate  into  large 
numbers  of  fine  fragments.  These  fragments  being  rolled  around  quickly,  take  on  the  appearance 
of  boulders  with  dimensions  of  from  a few  centimeters  to  a meter  or  more  (figure  941.  Actual 


•Besides  the  blocks  of  ice  tossed  onto  the  shore  during  ice  hummocking,  these  blocks  at  the 
very  shore  block  up  or  fill  up  the  sea  to  fill  up  its  very  bottom,  forming  the  so-called  "stone."  On 
the  White  Sea.  stones  reach  a thickness  of  10  ni. 
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wash  banks  are  formed  on  the  shore  which  are  mode  up  of  ice  pebbles  and  are  completely  similar 
to  the  surf  banks  on  the  shore  of  the  sea  of  a reduced  volcanous  type.  These  ice  pebbles  are  some- 
times discarded  by  the  surf  some  meters  from  the  shore.  In  such  a way,  the  ice  boulders  and  the 
pebbles  are  evidently  produced  in  a period  of  hours  by  the  sea  rolling  the  angular  blocks;  with 
another  material,  this  requires  great  periods  of  time.* 

LITERATURE:  62,  77,  101,  105,  110,  133,  134,  171. 

Section  100.  Stamukhi 

Every  ice  formation  which  has  stuck  to  the  shoals  or  in  the  shallows  is  called  a stamukh. 

This  is  not  entirely  correct.  A stamukh  consists  of  ice  of  sea  origin  and  its  external  forms  dis- 
tinguish it  sharply  from  the  iceberg  which  is  located  in  the  shallows  (figure  95).  Stamukhi  in  the 
shallow  regions  of  the  Arctic  Seas  play  the  role  of  littoral  islands  as  we  have  seen. 

Having  been  formed  as  the  result  of  ice  heaping,  stamukhi  are  stationed  along  the  isobaths 
appropriate  to  their  draught  and  border,  on  all  sides  of  the  island,  under  water  shoals  and  the 
shore.** 

With  pressure  of  ice,  stamukhi  stopping  the  movement  of  the  ice  caused  awful  ice  hummock- 
ing  formation  around  itself,  greatly  increasing  its  initial  dimensions  and  at  the  same  time  protect- 
ing the  shore  from  the  pressure  of  the  ice.  Thus,  the  ice  l>etween  the  shore  and  the  row  of  stamukhi 
which  border  the  shore  is  not  heaped  but  flat  and  even. 

The  20  m isobath  which  stretched  from  the  Chaumskaya  lip  approximately  in  the  direction  of 
the  New  Siberian  Island,  appears  as  the  limit  of  the  spreading  of  stamukhi,  and  the  ridge  of  ice 
heaps,  according  to  the  observations  from  an  airplane  by  Gorlenko,  were  stretched  as  a strip 
approximately  along  the  isobath. 

Stamukhi  generally  appear  firm  in  shape  and  in  the  Arctic  Seas  they  last  usually  a few  years. 
They  extend  perpendicularly  to  the  pressure  and  more  steeply  toward  the  shore.  Like  every  ice 
heap,  stamukhi  are  made  up  of  a pile  of  blocks  of  various  dimensions  and  forms.  In  the  course  of 
the  summer,  when  less  powerful  surrounding  ice  breaks  up  and  is  transferred  into  the  class  of 
floating  ice,  stamukhi  usually  remain  fixed.  Melted  water  flows  beneath  and  freezes  on  contact 
with  the  internal  cold  parts  of  the  stamukhi  and  thus  welds  them  into  a whole  mass.  The  masses 
of  water  which  are  thrown  onto  the  stamukhi  by  rough  sea,  play  the  same  role  or  have  the  same 
effect.  The  sun  and  the  waves  can  destroy  the  stamukhi.  but  chiefly  they  influence  its  forms.  The 
internal  structure  actually  gets  stronger.  Stamukhi,  which  consisted  at  the  beginning  of  blocks. 


•During  the  earthquake  of  1923  at  Kamchatka  the  sea  ice  was  cast  by  the  waves  5 km  from  the 
shore  line  and  had  plowed  up  the  swamp. 


••Thus,  for  example,  the  airmen  Kotov  and  Marozof  observed  Stamukhi  on  29  March  1942  in 
the  funnel  of  the  White  Sea.  which  borders  the  island  of  Marzhovets.  The  height  of  the  stamukhi 
reached  7 to  8 m located  toward  the  north  from  the  Bay  of  Meverk,  southeast  from  the  island  of 
Marzhovets  many  stamukhi  even  accumulate  toward  the  end  of  winter;  some  of  them  get  afloat  in 
the  deep  water  lait  are  again  deposited  in  the  shallow  water  on  the  bottom.  Stamukhi  located  in 
the  funnel  of  the  White  Sea  hamper  the  currents  of  the  channels  and  cause  a powerful  current  in  the 
passages  between  them,  hollowing  out  the  shallows  and  changing  their  contour  and  position. 


Figure  95.  Stamukhi. 


acquires  a monolithic  unity  toward  the  end  of  summer;  at  the  same  time,  its  external  form 
acquires  a rounded  contour  and  the  stamukhi  reminds  one  of  an  actual  summer  island. 


In  autumn,  from  the  beginning  of  ice  formations  and  of  ice  movements,  the  stamukhi  becomes 
a center  of  Ice  heaping  and  piles  of  block  are  heaped  on  it,  which  gives  it  its  initial  appearance. 
According  to  Wrangel,  the  height  of  the  perennial  stamukhi  at  the  shore  of  the  Kolyma  border 
reached  23  m above  an  even  sea.  According  to  the  observations  of  the  Zarya,  the  stamukhi  at  the 
Siberian  border  reached  a height  of  15  m,  which  is  a usual  phenomenon,  and  in  some  individual 
areas  even  reach  20  m.  Peary  observed  stamukhi  40  m high  at  the  Washington  cape,  north  of 
Greenland.  Simpson  observed  at  Bering  Strait  how'  a perennial  ice  hill  having  been  raised  some 
tens  of  centimeters  above  water,  formed  under  pressure,  in  the  shore  water,  a pile-up  with  a 
height  of  13  to  15  m over  the  level  sea. 

In  such  a way,  due  to  the  protruding  in  the  shallow  water  and  the  subsequent  ice  heaping,  the 
height  of  the  stamukhi  increased  in  the  course  of  time.  If  the  ratio  of  the  heights  of  the  below  and 
above  water  parts  is  above  5 for  flat  ice  fields,  as  in  the  case  of  floe  bergs,  and  ice  heaps  and 
nes  ic:h  due  to  the  usually  greater  destroyed  overwater  part  is  about  4,  then  the  ratio  for  the 
stamukhi  is  usually  about  2 and  often  reaches  1 or  less. 

LITERATURE:  62,  77,  88,  171. 

Section  101.  Hummock  Structure 

Hummocks  which  have  just  been  formed  represent  rather  uniform  amalgamations  which 
easily  disintegrate  into  ponds,  for  example,  if  the  jamming  or  compression  which  causes  the  ice 
hummocking  is  changed  by  clearing.  This  refers  especially  to  the  summer  ice  hummocking.  In 
winter  the  ice  rallies  slightly  with  jamming  and  at  the  points  of  contact,  for  the  melted  water 
freezes  and  welds  the  pressure  of  contact  as  soon  as  the  pressure  weakens. 
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But  In  the  course  of  the  winter  the  Ice  heaps  will  grow  firmer  and  firmer.  The  falling  snow 
fills  the  fissures  and  passages  of  the  ice  hummock;  blocks  of  Ice  which  form  the  Ice  hummock 
settle  and  pass  under  their  own  weight.  Together  with  the  changes  in  temperature,  the  internal 
deformations  of  the  various  pieces  of  the  Ice  begin,  increasing  their  durability.  In  such  a way,  the 
winter  ice  hummocks  are  stronger  than  the  summer  ones  and  the  older  ones  stronger  than  the 
younger  ones. 

Usually,  toward  the  end  of  the  polar  3ummer,  the  flat  yearly  or  annual  ice  is  destroyed  in  the 
regions  of  the  fast  ice  and  of  the  floating  ice.  Floating  ice  at  this  time  is  made  up  either  of  various 
floebergs  and  hummocks  or  ice  hummock  fields  and  blocks . 


If  toward  the  beginning  of  the  new  ice  formation  these  high  sections  appear  beaten  down  to- 
gether they  are  folded  and  form  "cauldrons";  if  also  toward  the  beginning  of  the  fee  formation  they 
appear  scattered,  a comparatively  large  distance  from  one  another,  they  form  more  or  less  ice- 
heaped  fields. 

Cauldrons  represent  a very  durable  ice  formation.  In  the  course  of  the  following  winter,  they 
thicken  and  settle.  Only  in  a few  cases  are  they  smashed  into  separate  parts,  for  in  the  majority 
of  cases  they  represent  the  beginning  of  perennial  pack  fields.  Being  carried  out  by  the  currents 
from  the  bordering  seas  into  the  Central  Arctic  Basin,  they  enter  for  the  future  into  the  packed 
Ice  as  composite  parts.  In  the  bordering  seas  of  the  Arctic  Basin,  cauldrons  are  destroyed  in  some 
only  in  exceptional  years.  In  the  north  part  of  the  Barents  and  Kara  Seas,  it  is  not  a rarity  to  meet 
cauldrons  of  2 or  3 years  growth.  In  the  Chuckchee  Sea  it  is  almost  possible  to  meet  yearly  blocks 
of  perennial  ice  with  a height  of  4 to  5 m,  the  draught  of  which  is  10  to  12  m.  The  ice  fields  which 
consist  of  young  ice  with  spots  in  them  of  nesiak  are  much  less  durable:  in  the  course  of  winter 
they  are  repeatedly  broken  up  along  the  lines  of  the  least  resistance,  which  are,  in  the  majority  of 
cases,  thermal  fissures  and  lines  of  solder. 


Figure  96.  A scheme  of  the  structure  of  a hummock  according  to  Burke. 

As  we  have  seen,  the  forms  of  the  hummocks  as  a result  of  complete  breakup,  marginal 
crushing  and  pushing  of  one  ice  field  on  another  are  quite  different.  The  hummocks  of  the  pushing 
type  are  made  up  of  the  largest  ice  slabs  and  it  is  natural  that  the  angle  of  slope  and  the  height  are 
the  smallest.  The  hummocks  from  marginal  crushing  are  made  up  of  large  blocks  sometimes  of 
very  Irregular  forms.  The  hummock  of  complete  breakup  consists  of  fine  blocks.  Its  height  and 
angle  of  slope  appear  the  greatest.  These  hummocks  are  the  most  regular  in  form. 
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The  scheme  of  the  structure  and  texture  of  a hummock  is  shown  in  figure  96,  according  to 
Burke.  In  every  hummock,  he  distinguishes  a core,  ropak,  and  podsovy. 

In  the  very  formation,  the  ice  in  the  middle  part  of  the  hummock  is  subjected,  according  to 
Burke,  to  the  greatest  jamming  from  the  sides,  and  also  from  the  top  (the  weight  of  the  blocks)  and 
from  below  (Archimedes'  forces).  As  a result,  the  middle  part,  after  freezing  under  pressure,  is 
transformed  into  an  ice  block  with  a relatively  rounded  form  which  sometimes  reaches  large  dimen- 
sions. Such  rounded  ice  blocks  were  noted  among  other  types  in  the  period  of  thawing,  when  the 
weaker  parts  of  the  ice  hummock  had  already  disintegrated.  According  to  the  White  Sea  terminol- 
ogy, the  over  water  parts  of  the  hummocks  are  called  ropaki  but  the  underwater  parts  of  the  hum- 
mock are  called  podsovy. 

According  to  the  observations  of  the  Zarya , which  were  already  mentioned,  the  angle  flow  for 
the  hummocks  from  a complete  break-up  is  about  20°  to  30°.  The  average  angle  of  slope  of  the 
hummock  measured  on  24  March  1939  at  the  time  of  the  drift  of  the  Sedov , was  about  20°. 


We  may  assume  how  Makarov  did  this;  at  the  beginning,  the  over-  and  under-water  ice  parts 
of  the  hummock  represent  isosceles  prisms  with  a characteristic  angle  of  flow  for  a given  hummock 
which  is  equal  both  for  the  under- water  and  above- water  parts  of  the  hummock.  The  weight  of  the 
prism  of  the  over-ice  part  of  such  a hummock  is  equal  to 

P = -1-  khabbi  = kh*b 8(ctg  «,  <*> 

where  p = the  weight  of  the  prism , 

h = the  height  of  the  hummock, 
a = the  width  of  the  hummock, 
b = the  length  of  the  prism, 

It  = the  volume  of  the  prism,  filled  with  ice,  or  the  coefficient  of  filling 
of  the  hummock, 

a - the  angle  of  slope , 

= the  ice  density. 

This  weight  for  the  balance  must  be  equal  to  the  floatage  of  the  corresponding  prism  of  the 
under-ice  part  of  the  ice  hummock,  with  the  same  angle  of  slope;  in  other  words,  the  identity  must 
exist 


P = kbti  hr  ctg  a = kb  <8,  — z 2 ctg  a. 

This  identity  was  obtained  on  the  assumption  that  in  the  under-ice  part  of  the  hummock,  the 
same  part  of  its  volume  was  filled  by  the  ice  as  the  over-ice  part.  Reducing  the  equation  we  derive 

=Z2(K— >i) 

or 


2 = A 


(2) 
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From  formula  (2)  It  follows  that  the  correlation  between  the  above-ice  and  the  under-ice  parts 
of  the  hummocks  with  one  and  the  same  angle  of  flow  does  not  depend  on  the  angle  of  slope.  Putting 
the  proper  meanings  in  formula  (2)  and  namely,  <5 ^ = 1.02  and  6 = 0.90,  we  get 

3 = 2.75  h. 

In  figure  97  the  scheme  of  the  hummock  was  shown  according  to  Makarov  (reckoned  for  an 
angle  of  slope  of  45°,  which  it  is  necessary  to  regard  as  exaggerated).  From  the  figure,  as  well  as 
from  the  corrn  of  formula  (2),  it  is  clear  that  in  the  case  of  an  equal  angle  of  slope,  the  basis  of  the 
over- ice  part  and  the  under-ice  part  of  the  hummock  are  not  equal.  Consequently,  the  ice  field 
especially  the  above-ice  part  of  the  ice  hummock,  will  undergo  a stress  downward  in  the  center  of 
the  pileup  and  upward  along  the  sides. 

"Therefore, " states  Makarov,  "the  Burface  of  the  ice  assumes  a convex  form,  which  Nansen 
also  observed. 

"When  the  thaw  begins,  water  collects  in  the  cavities  of  the  hummock.  The  ice  hummock 
reaches,  at  the  moment  of  its  formation,  its  greatest  depth,  but  then  the  ice  begins  to  be  leveled. 
Weyprecht  attests  that  sometimes  shift  at  the  bottom  is  audible,  with  the  complete  repose  of  the  ice 
at  the  top.  This  occurs  probably  as  a result  of  the  movement  of  water  under  the  ice  field.  The 
difference  of  the  movements  of  the  ice  fields  and  of  the  water  on  which  it  lies,  that  is,  the  current 
of  the  water,  is  that  power  which  levels  the  lower  depth  of  the  ice. " 


Figure  97.  Scheme  of  a polar  hummock  according  to  Makarov. 
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In  the  same  figure  97,  It  is  shown,  according  to  Makarov,  the  plan  of  a hummock  which  is 
leveled  from  below.  It  is  clear  that  this  leveling  increases  by  the  fact  that  the  low  temperatures  of 
the  blocks  of  ice  which  were  packed  under  the  ice  at  the  time  of  the  hummocking  gradually  increase 
under  the  influence  of  the  temperature  of  the  adjacent  layers  of  water  and  due  to  this,  the  under-ice 
part  of  any  ice  hummock  represents  a uniform  formation. 

Very  few  determinations  of  the  Internal  structure  of  hummocks  have  been  made.  Conse- 
quently, the  observations  which  were  carried  out  by  Makarov  at  the  time  of  the  Ermah  in  1899  in 
the  region  to  the  north  of  Svalbard  represent  a great  profit. 

The  ice  in  this  region  was  made  up  chiefly  of  ice  blocks  of  two  sizes,  with  regard  to  thick- 
ness, 2 m and  1.4  m.  The  first  occupies  a water  area  of  about  70  per  cent;  the  second,  about  25 
per  cent.  The  air  holes  and  fissures  were  about  5 per  cent.  The  ice  heaps  were  made  up  of  ice 
blocks  of  the  same  dimensions.  Thus,  the  largest  of  the  hummocks  was  composed  of  2 m ice 
blocks,  and  its  height  over  the  ice  surface  was  about  4-1/4  m.  It  was  immutably  shown  in  the 
measuring  of  the  thickness  of  the  ice  by  boring  with  the  help  of  a steam  bore,  that  the  ice  consisted 
of  several  layers  which  were  separated  from  one  another  by  layers  of  water.  The  results  of  one  of 
these  measurings  is  cited  below,  which  was  made  on  7 August  1899  at  80  441  north,  90  05*  east. 


Snow 

8 cm 

Ice 

328  cm 

Water 

60  cm 

Ice 

90  cm 

Water 

60  cm 

Ice 

20  cm 

Total  thickness 

658  cm* 

Makarov  emphasizes  that  it  is  impossible  to  distinguish  layer  from  layer  when  working  with 
the  steam  bore  if  they  lie  close,  and  therefore  it  is  impossible  that  the  upper  layer  of  ice  consisted 
of  two  layers.  The  height  of  the  above-water  part  of  the  measured  hummock  constituted  5.8  per 
cent  of  the  total  thickness. 

When  boring  the  ice  in  the  gulf  of  Finland,  which  was  carried  out  on  10  April  1899,  Makarov 
discovered  that  this  hummock  consisted  of  7 layers,  the  most  powerful  of  which  was  a little  more 
than  a meter  thick. 

Otto  Sverdrup  (the  Captain  of  the  Fram ) told  Makarov  that  if  one  begins  to  make  a hole  in 
polar  ice,  water  would  appear  in  the  hole  at  the  place  of  solder  In  two  adjacent  ice  blocks.  Sverdrup 
cited  as  an  example  when  even  a 2 m thick  ice  block  crept  at  the  time  of  the  hummocking  on  another 
ice  block  of  the  same  type  for  a distance  of  200  m,  but  the  ice  blocks  did  not  entirely  freeze 
together. 

Nordenskjold  also  told  Makarov  that  the  lumps  which  form  a hummock  are  badly  welded  to- 
gether and  the  underwater  parts  are  almost  completely  unsoldered. 


♦The  spaces  in  the  hummocks  which  were  filled  with  water  are  called  "water  pockets."  Some- 
times these  pockets  are  completely  Isolated. 
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Sverdrup  gave  Makarov  extremely  Interesting  and  valuable  information.  During  the  third 
winter,  a fissure  was  formed  under  the  strip  under  the  » : . The  fissure  closed  sometimes  and 

at  other  times  opened.  As  soon  as  the  fissure  opened,  lumps  of  significant  size  began  to  float  out 
from  below.  "This  shows,"  says  Makarov,  recalling  his  conversation  with  Sverdrup,  "that  many 
lower  lumps  constantly  travel.  The  current  of  the  water  and  the  movement  of  the  ice  change  their 
direction  so  that  if  the  migrating  ice  block  stops  under  certain  conditions,  under  others  it  can  move 
from  the  spot. " 

It  is  clear  or  comprehensible  that  such  traveling  blocks  falling  under  ice  with  a small  thick- 
ness stop,  and  possibly  freeze,  and,  in  such  a way  contribute  to  the  general  equalization  to  the 
thickness  of  the  ice. 

It  is  necessary  to  add  that  the  lumps  which  compose  the  under-ice  part  of  the  hummocks  are 
not  only  transformed  but  are  also  gradually  destroyed . 

Let  us  assume  that  a strong  and  cold  ice  block  is  driven  under  the  ice.  From  the  beginning, 
it  increases  somewhat  in  its  dimensions,  owing  to  its  low  temperature,  but  after  that,  as  the 
temperature  of  the  ice  block  becomes  equal  to  the  temperature  of  the  surrounding  water,  it  grows 
crumbly  and  begins  to  disintegrate  into  component  parts  and  begins  to  melt.  The  tidal  currents 
have  particular  importance  in  this  relation  for  the  ice,  which  is  immobile;  but  for  floating  ice,  it  is 
wind  drift.  The  under-ice  parts  of  the  ice  of  the  hummocks,  parts  which  are  produced  below,  are 
subjected  to  an  interesting  ablution  by  the  water,  which  moves  with  a velocity  different  from  that  of 
the  movement  of  the  ice  fields. 

The  model  test,  carried  out  by  Makarov,  is  interesting  and  simple  for  the  exposing  of  the 
influence  of  moving  water  in  the  destruction  of  ice. 

Two  pieces  of  ice  approximately  equal  in  weight  were  placed  simultaneously  into  two  tubs 
filled  with  water,  with  a temperature  of  about  -1.2°.  In  the  first  tub,  where  the  water  was  at  rest, 
the  piece  of  ice  decreased  in  weight  6 per  cent  in  a period  of  3 hours;  in  the  second,  where  the 
water,  supplied  from  the  bottom,  circulated  continuously  and  poured  out  over  the  rim,  the  ice  de- 
creased 50  per  cent  in  the  same  amount  of  time. 

The  results  of  this  test  become  clear  if  we  recall  the  analyzed  conditions  in  Section  62  of  the 
balance  of  the  system  of  ice  in  water.  Owing  to  the  phenomena  which  has  been  pointed  out,  the 
under-ice  parts  of  the  hummocks  are  all  more  destroyed  with  the  course  of  time  and  the  stress  of 
the  over-ice  parts  of  the  hummocks  increase  correspondingly. 

It  is  necessary  to  add  to  this  that  newer  and  newer  snow  drifts  are  noted  along  every  hummock 
in  the  course  of  time. 

If  through  determination  of  the  dimensions  of  over-ice  parts  of  hummocks  are  made,  there  are 
less  determinations  of  the  form  and  deepening  of  the  under-ice  parts. 

At  the  time  of  his  voyage  with  Makarov  on  the  Ermak,  Islyamov  carried  out  measurements  of 
the  depth  of  the  hummocks  with  a Thomson  tube.  Makarov  cites  the  results  of  several  such  measur- 
ings in  which  the  largest  of  the  hummocks  was  equal  to  13  m. 

As  Makarov  points  out,  "It  is  necessary  to  assume  that  the  Thomson  tubes  [ during  their 
broaching  or  piercing  under  the  ice  under  the  hummock  fields  ] show  passage  in  the  ridges  of  the 
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hummocks  which  run  under  the  water  and  that  the  lower  points  of  the  lower  lumps  stretch  deeper 
than  the  tubes  reach. " 

LITERATURE:  11,  23,  77,  88,  101,  105. 

Section  102.  Snow  Cover  on  Ice 

The  snow  which  falls  on  the  arctic  ice  in  winter,  due  to  the  low  temperature  of  the  air,  which 
prevails  at  this  time,  belongs  to  the  type  of  wild  or  gritty  snow.  Often  it  includes  a mixture:  crys- 
tals of  sea  salt  and  specks  of  dust  of  ground  origin. 

Crystals  of  sea  salt  fall  in  the  snow  in  two  ways.  First,  as  we  have  seen,  in  the  leveling  of 
the  combs  of  waves,  the  spray  often  evaporates  into  the  air  and  particles  of  salt  are  transferred  by 
the  wind  for  great  distances.  They  serve  as  fine  kernels  of  condensation  and  crystallization  and 
finally  fall  with  precipitation.  Secondly,  the  surface  of  young  ice  (forming  especially  at  low  temper- 
atures) is  covered  with  brine,  which,  freezing,  forms  salty  hoar  frost  or  ice  flowers,  sometimes 
covers  great  areas,  and  consists  of  crystals  of  ice  upon  the  tips  of  which  are  attached  crystals  of 
salt.  During  strong  winds,  these  crystals  are  removed  from  a spot,  rise,  and  are  mixed  with  the 
snow  particles  which  are  already  in  the  air.  They  then  fall,  appearing  like  salted  snow. 

Nansen  noted  that  in  some  places,  the  snow  on  the  ice  of  the  Arctic  Basin  was  extremely 
salty,  and  it  was  not  possible  to  use  it  for  checking  the  zero  point  of  his  thermometers.  According 
to  the  observations  of  the  "a  rya,  snow  was  sometimes  so  rich  in  salt  that  the  water  from  it  was 
entirely  unsuitable  for  drinking.  In  other  places,  the  prisms  of  salt  were  discovered  easily  by  the 
turbidity  of  the  melted  water  with  the  addition  to  it  of  some  drippings  of  silver  nitrate. 

Dust  specks  of  ground  origin  which  fall  on  the  surface  of  the  ice  are  received  chiefly  during 
erosion  and  freezing  out  from  tundra  and  clay-fan  soils.  These  soils  with  drying  give  a thin  dust 
which  is  easily  transported  great  distances  by  the  wind.  Such  dust  forms  greyish,  yellowish  or 
brownish  deposits  on  the  ice.  It  is  clear  that  this  dust  is  especially  noticeable  on  littoral  ice.  Ac- 
cording to  the  observations  of  the  Zarya,  the  ice,  free  from  snow  and  at  the  same  time  covered 
with  dust,  was  encountered  in  the  Buorknaya  Gulf  at  a distance  15  miles  from  the  shore.  During  the 
spring  of  1939,  at  the  time  of  a flight  along  the  coast  of  Yamal,  we  saw  signs  of  dust  extending  to  the 
west  from  the  hills  of  tundra  which  were  free  of  snow. 

The  fate  of  snow  depends  on  the  surface  upon  which  it  falls. 

If  the  snow  falls  on  a comparatively  warm  surface  of  the  sea  which  is  clear  of  ice,  then  when 
melting,  it  cools  the  surface  layers  of  the  sea. 

If  snow  falls  on  a surface  ot  the  sea  either  cooled  earlier  or  cooled  by  the  snow  itself  to  a 
freezing  temperature,  the  falling  snow  flakes  appearing  as  kernels  of  crystallization  accelerate  the 
process  of  ice  formation.  With  a great  quantity  of  snow,  as  we  have  seen,  a particular  form  of  ice 
may  even  be  caused,  (snezhura). 

If  the  snow  falls  on  cold  ice,  covered  with  brine,  then,  soaking  the  salt,  it  freezes  solidly  to 
the  cold  ice,  forming  a characteristic  dull  grainy  crust. 

During  low  air  temperatures,  as  was  already  discussed,  the  snow  appears  odd  or  gritty. 

Falling  on  the  surface  of  smooth  ice,  it  forms  a thin,  badly  connected  cover  which  is  easily  blown 
away  by  the  wind.  As  a result  of  this,  (according  to  observations  of  the  Ztiryr.  ) huge  spaces  of 
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grainy  ice  areas  are  caused  in  the  region  of  the  fast  ice,  which  it  seems,  are  polished  somewhat 
from  the  friction  of  the  masses  of  snow  which  move  along  it  during  snowstorms.  In  such  areas, 
there  can  be  observed  often  on  the  surface  of  the  ice  pancake  and  frozen  masses  of  snow  appearing 
as  lumps  or  strips,  just  as  they  appeared  on  freezing.  Particularly  spacious  areas  of  grainy  ice 
were  observed  by  the  members  of  the  Zarya  expedition  in  April  1903  on  the  Gulf  of  Buorknayaya. 

It  was  difficult  both  for  dogs  and  deer  to  run  along  this  ice. 

An  observation  which  corroborates  the  wind  migrations  of  the  snow  on  the  ice  was  made  by 
Buinitskii  on  13  December  1938  at  the  time  of  the  drift  of  the  Sedov.  Here  is  what  he  says: 

"The  efflorescence  of  tracks  occurs  interestingly:  the  snow  is  swept  around  the  tracks,  and 
the  snow  remains  under  the  track  and  is  raised  over  the  surrounding  surface,  preserving  exactly 
the  outline  and  the  dimensions  of  the  track.  The  'growth'  of  tracks  can  be  observed  over  the  foot- 
step of  a man  as  well  as  over  that  of  a dog;  the  tracks  of  dogs  effloresce  significantly  higher  (2 
times)  than  a man's.  Here  and  there,  they  are  similar  to  a row  of  very  accurate  cylinders  which 
reach  heights  of  3.5  cm.  This  growth  of  tracks  does  not  occur  at  all  universally. " 

The  snow,  falling  on  hummock  fields  or  transported  to  them  with  the  Hat  fields,  is  stopped 
here,  being  trapped  in  the  spaces  between  the  box  and  forming  snow  drifts  and  zastrugi.  Windward 
declinations  of  the  snow  drifts  are  strongly  packed  by  the  wind.  In  figure  98  the  plans  of  snow  dep- 
osition are  shown  with  various  forms  of  obstacles  which  are  encountered  by  the  wind.  In  figure  98, 
attention  is  turned  to  the  snow  pack,  which  is  formed  behind  the  obstacle  which  has  its  slowing  side 
toward  the  wind  and  to  the  characteristic  wind  hollow  before  an  obstacle  with  its  steep  slope  to  the 
wind. 


Figure  98.  Whirling  eddy  and  drifting  snow  on  contact  with  a wedge-shaped  obstacle. 


In  nature,  on  sea  ices  where  hummocks  with  their  diverse  forms  and  inclinations  are  the 
basic  obstacles  for  the  migration  of  snow,  the  form  of  the  snow  drifts  is  not  any  less  diverse. 

The  power  of  the  snow  drift  understandably  depends  on  the  quantity  of  the  deposition.  Thus, 
during  the  wintering  of  the  Zarya  at  the  Taimyr  Strait,  snow  drifts  reached  a height  of  about  5 m. 
The  ice  sagged  as  a result  of  the  weight  of  the  snow  and  already  at  the  beginning  of  March,  water 
protruded  along  the  Zarya  from  beneath  the  ice. 

At  the  time  of  the  wintering  of  that  same  Zarya  in  the  Laptev  Sea  (in  the  Kotel'nyy  Bay  of 
Nerpal  and  on  the  island  of  Kotel'nyy)  where  the  amount  of  deposition  was  significantly  less  than  in 
the  northeastern  part  of  the  Kara  Sea,  the  snow  drifts  were  also  significantly  less. 

In  the  Central  Arctic  Basin,  where  the  depositions  are  already  less,  the  sizes  of  the  snow 
drifts  are  not  large.  Thus,  according  to  measurements  of  the  Sedov  which  were  carried  out  at 
the  end  of  March  and  at  the  beginning  of  April  1939,  the  height  of  the  snow  in  the  snow  drifts  ranged 
from  30  to  140  cm  and  on  flat  places,  on  an  average,  from  4 to  15  cm. 
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Extremely  characteristic  are  the  wave-formed  alluviums  which  are  formed  on  the  flat  ce 
fields  as  a result  of  the  affecting  wind.  These  alluviums  are  made  transversely  and  longitudinally. 
Transverse  deposits  are  formed  in  the  case  of  great  masses  of  snow  and  remind  one  of  the  Helm- 
holtz waves.  Longitudinal  deposits  are  formed  with  powerful  winds  and  small  quantities  of  snow 
appear  as  their  characteristic  form. 

Padalka  informed  me  that  at  the  time  of  the  flights  over  the  region  of  Franz  Joseph  land 
north  at  the  end  of  March  and  at  the  beginning  of  April,  all  the  snow  deposited  by  wind  waa  stretched 
out  from  southeast  to  northwest.  This  could  be  caused  by  the  evidently  predominant  southeast 
winds  and  besides  that  by  the  absence  of  rotations  of  the  individual  ice  fields.  In  the  region  between 
Franz  Joseph  Land,  the  wind-deposited  snow  was  stretched  out  only  in  two  directions,  from  the 
south  to  the  north,  from  east  to  west.  In  the  region  to  the  north  of  Novaya  Zemlya,  no  such  cor- 
rectness relative  to  the  location  of  the  wind-deposited  snow  was  noted. 


Snow  cover  on  ice  shows  a great  influence  on  the  growth  of  ice. 
that  according  to  the  observations  at  the  Northern  Duina  River  in  the 
the  surface  clear  of  ice  was  at  the  end  of  winter  1-1/2  times  thicker 
under  the  natural  snow  cover  (thickness  of  30  to  40  cm). 


. it  has  already  been  observed 
winter  of  1941-42  the  ice  with 
than  the  ice  which  was  formed 


But  large  masses  of  snow  usually  crush  ice  down  to  where  water  protrudes  from  beneath  the 
base  layer  of  ice.  Mixing  with  this  water,  snow  is  transformed  into  ice,  and  in  such  a way,  the 
general  thickness  of  the  ice  increases  (see  also  Section  85). 

During  the  summertime,  masses  of  snow  which  have  collected  on  ice  fields  melt,  and  are  the 
basic  source  of  formation  of  snow  puddles  (snezhnitsa)  and  melt  water  lakes  on  them. 


LITERATURE:  25,  77,  88,  107. 


Section  103.  Isostatic  Phenomena 

Ice  formation  in  the  sea,  which  has  already  been  discussed,  proceeds  calmly  a"d  Pr°p^“ 
tionally  only  under  exceptional  circumstances.  Falling  deposits  are  not  proportionally  distributed 
along  the  surface  of  the  ice.  In  connection  with  this,  the  accretion  of  the  ice  from  below  does  not 
proceed  proportionally.  Hummocking  contributes  the  greatest  transgressions  to  smoothness  in  the 

process  of  ice  formation. 

Let  us  assume  that  at  a certain  moment  a previously  flat  ice  field  was  broken  as  a result  of 
hummocking  blocks  of  ice  packed  over  and  under  the  ice.  If  the  floatage  of  the  blocks  packed  under 
the  ice  exactly  counterbalances  the  weight  of  the  blocks  of  ice  which  have  been  piled  on  the  ice,  no 
changes  in  the  ice  adjacent  to  the  hummock  are  produced.  If  the  weight  of  the  above-ice  part  o e 
hummock  shows  more  floatage  than  its  under-ice  part,  the  adjacent  ice  will  sag  downwards;  if  it  is 

less,  it  will  protrude  upwards. 


An  interesting  phenomenon  exists  in  connection  with  this,  which  is  called  "isostasy"  by  the 
geologists,  the  question  of  which  has  been  theoretically  treated  by  Pratt  and  Airy  for  the  crust  of 

the  earth. 


Let  the  transverse  section  of  the  ice  field  be  represented  in  figure  99  and  let  the  upper  and 
lower  surfaces  be  dissected  and  let  the  densities  along  the  vertical  be  unequal.  The  line  mn  repre 
sents  the  water  line  (level  of  the  sea) . Let  us  construct  such  a line  on  our  section  which  would 
correspond  to  the  water  line  of  any  vertical  column  cut  out  from  the  given  ice  field,  if  it  would  be 
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able  to  raise  or  sink  such  that  the  overall  weight  will  be  counterbalanced  by  Archimedes'  force;  in 
other  words,  so  that  everywhere  the  equation  was  satisfied 


h S*— 8i  ’ 

where  6 j = the  ice  density, 

6W  = the  water  desnity, 

z = the  immersion  of  the  in-the- water  part  of  the  ice  blocks, 
h = the  height  of  its  above-water  part. 


Figure  99.  The  water  line  (mn)  and  the  isostatic  line  (pr)  in  the  vertical  pass 
of  the  ice  field  (diagram). 

We  shall  call  line  pr  , represented  by  a broken  line  in  figure  99,  the  isostatic  line.  Referring 
our  considerations  to  the  entire  ice  field,  we  shail  receive  the  isostatic  surface.  It  is  clear  that 
everywhere  where  the  isostatic  line  pr  proceeds  or  passes  higher  than  the  water  line,  the  isostatic 
forces  there  operate,  directed  downwards;  there,  where  the  isostatic  line  proceeds  lower  than  the 
level  of  the  sea,  the  isostatic  forces  are  directed  upwards,  as  is  shown  by  the  arrows  in  figure  99. 

At  points  where  the  isostatic  line  coincides  with  the  level  of  the  sea,  we  get  an  isostatic 
balance.  I call  an  ice  formation  isostatically  counterbalanced  at  every  point  of  which  the  isostatic 
surface  coincides  with  the  level  of  the  sea. 

It  is  assumed  that  there  are  not  any  ideally  counterbalanced  formations  in  nature.  Fine  devia- 
tions do  not  have  any  significance,  however,  since  the  forces  being  created  cannot  be  sufficient  for 
overcoming  forces  of  cohesion  (the  equalization  due  to  the  flow  of  ice  proceeds  too  slowly),  but  large 
deviations  quickly  bring  vertical  movements  of  separate  parts  of  the  ice,  which  level  or  even  the 
balance. 

The  isostasy  phenomena  acquire  particular  significance  in  summer,  when  the  cohesion  of  parts 
of  the  ice  is  weakened  and  when  destruction  of  above- water  parts  of  the  ice  proceeds  particularly 
disproportionally.  Isostasy  at  this  time  is  basically  connected  with  two  processes:  hummocking, 
and  the  flowing  of  water  from  the  sneshnitsa  (snow  puddles)  under  the  ice. 

Let  us  represent  for  ourselves  a hummocked  field  isostatically  balanced.  If  we  may  assume 
that  the  above-  and  under-ice  parts  of  the  hummock  consist  of  approximately  equal  blocks  of  ice  and 
that  the  spaces  between  the  ice  blocks  are  filled  with  air  in  the  parts  of  the  hummock  over  the  level 
of  the  Ice  and  with  water  in  the  parts  beneath  the  ice  level  and  are  located  approximately  systemati- 
cally along  the  vertical  with  regard  to  the  level  of  the  sea;  in  other  words,  the  coefficients  of  filling 
are  equal,  on  any  vertical  of  an  isostatically  balanced  field,  the  correlations  between  the  height  of 
the  ice  hummock  and  its  draught  will  be  determined  by  formula  (1)  or  by  the 
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In  such  a way  with  the  received  average  proportion  of  the  height  of  the  above-  and  under-water 
parts,  which  is  equal  to  5,  under  the  hununock,  which  is  raised  over  the  surface  level  of  the  ice 
field  t m,  the  ice  under  the  lower  sui  . ce  of  the  ice  field  must  be  theoretically  submerged  5 m. 

The  greatest  height  of  an  ice  column  observed  at  the  time  of  the  drift  of  the  station  "North  Pole” 
was  about  10  m.  Consequently,  the  underwater  part  of  this  column  during  conditions  of  an  isostatic 
balance  must  project  from  under  the  lower  surface  of  the  ice  fields  50  m. 


As  we  have  seen,  the  hummocks  do  not  usually  appear  isostatic.  Their  underwater  part  is 
washed  out;  the  above-water  parts  of  the  hummocks  press  on  the  ice  fields,  creating  their  greater 
draught  and  results  in  formula  (1). 


Thus,  the  time  of  hydrological  cuts,  carried  out  by  Khmyznikov,  in  the  fall  of  1928,  in  the 
Yanskom  Bay  and  in  the  straits  of  the  New  Siberian  Islands  (Laptev,  Eternikan,  and  Sannikov),  the 
thickness  of  the  above-  and  under-water  parts  of  the  well-developed  fast  ice  were  determined,  con- 
sidering them  from  the  level  of  the  water,  which  had  filled  the  cut.  It  was  shown  at  this  time  that 
the  proportion  of  the  emersion  of  the  underwater  part  to  the  height  of  the  above  water  part  was 
equal  on  the  average  to  12,  with  a maximum  of  17  and  a minimum  of  7.  In  such  a way,  the  fast  ice 
was  shown  to  be  significantly  more  submerged  in  the  water  than  results  from  the  formula.  A 
similar  phenomenon  was  also  observed  on  the  river  where  the  water  from  the  cut  sometimes  poured 
out  along  the  surface  of  the  ice.  In  rivers  flowing  to  the  north,  such  a phenomenon  is  usual  in  the 
spring  and  is  explained  by  the  hydraulic  pressure  — the  river,  covered  by  a solid  ice  cover,  flows 
as  in  a tube.  In  the  fast  ice,  this  phenomenon  is  related  to  the  large  area  of  ice,  and  indicates  an 
overburdening  of  ice  by  an  additional  weight  of  snow.  We  have  already  seen  in  columns  5 and  6, 
table  70,  that  in  Dixon  Bay,  the  surface  of  ice  in  February  1944  was  on  the  average  .8  cm  lower 
than  the  surface  of  the  water. 

This  carving  of  the  well-developed  fast  ice  contributes  to  its  breaking  up  in  the  spring  and  to 
the  immersion  of  ice  fields  which  will  be  discussed  later. 

In  individual  cases,  hummocking  proceeds  so  that  more  ice  is  packed  under  the  ice  than  ought 
to  be  for  isostatic  balance.  Besides  that,  we  have  seen  that  individual  blocks  of  underwater  parts 
of  ice  hummocks  are  sometimes  interspersed  under  ice  fields.  Both  in  this  and  in  other  cases,  the 
ice  protrudes  upwards. 

On  24  November  1938,  it  w as  observed  on  the  5 that  the  level  of  the  water  was  lower  than 
the  surface  of  the  ice  by  1 to  1.5  m;  after  the  ice  in  some  places  burst  and  broke,  10  to  15  m; 
trenches  were  formed  with  vertical  walls  of  considerable  height. 

These  facts  prove  that  at  points  where  recorded  observations  were  carried  out  there  was  no 
isostatic  balance:  in  the  ice  of  the  new  Siberian  Island  straits,  the  isostatic  surface  passed  lower 
than  the  level  of  the  sea;  on  the  ice  field  of  the  .5,  c where  the  described  fissures  were  formed, 
the  isostatic  line  passed  higher  than  the  level  of  the  sea. 

It  has  already  been  noted  that  the  vertical  movements  of  individual  parts  of  the  ice  field  are 
increased  by  the  isostatic  balance,  particularly  in  summer  when  the  forces  of  cohesion  counter- 
acting the  hydrostatic  forces  are  weakened.  The  following  observation  of  the  Sed  ;•  appears  as  a 
characteristic  example  of  isostatic  movement  in  the  ices  in  the  central  part  of  the  Arctic  Basin. 
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On  5 July  1939  the  water  of  the  snezhnitsa  (snow  puddles)  and  lakes  which  were  formed  during 
the  summer  on  the  ice  fields  quickly  began  to  run  off  under  the  ice,  and  on  9 to  14  July,  the  Sedov  , 
together  with  ice  to  which  it  was  frozen,  was  raised  36  cm  over  the  level  of  the  sea.  1 tried  to 
analyze  this  phenomenon. 


So  SO  - SEA  LEVEL  AT  THE  BEGINNING 
S,  Sj  - SEA  LEVEL  AT  THE  END 


Figure  100.  The  vertical  movements  of  ice  fields  in  connection  with 
thawing  and  accretion  from  freezing. 

Let  us  assume  that  a certain  part  of  the  ice  field  remained  the  entire  time  isostatically 
balanced  (figure  100).  In  such  a case,  in  accordance  with  formula  (1),  we  shall  have,  for  the 
beginning  moment: 

^<A+z<A=Zo§iv,  (3) 

H0=h0  + Z0, 


and  for  some  other  moments,  considering  that  it  is  possible  to  neglect  the  changes  occurring  in 
density. 

+ zi^»  = ZL&wt  (5) 


<C> 
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From  figure  100  it  follows 

(7) 


(8) 

where  Ah  = the  change  of  the  above-water  height  of  the  ice  as  a consequence  of  evaporation,  of 
deposition,  and  of  melting  away,  flowing  of  water  under  the  ice,  during  the  time  between  the  ob- 
servation, 

A 2 = the  change  of  the  underwater  emersion  of  the  ice  with  freezing  and  the  melting  of  ice 
from  below, 

Jr  = the  change  in  the  position  of  the  level  of  the  sea  with  regard  to  the  ice.  It  is  clear  that 
all  individual  particles  within  the  ice  are  shifted  to  this  same  value  with  regard  to  the  level  of  the 
sea. 


fti=h0-{-k  — AA, 

2i  = Z0  — k+bz, 


Substituting  formulas  (7)  and  (8)  in  formula  (5)  we  derive 

(A0+*-AA)8,,+(z0-*+Az)82  = (z0-ft-f  Az)  8*.  (9) 

Subtracting  formula  (3)  from  formula  (9)  and  transposing  the  members,  we  derive 

+ (S..-8J  =0.  (10) 

Furthermore,  from  formulas  (7)  and  (8)  we  get 

— H0  = AH =Az  — AA,  (11) 

where  A! i = the  overall  change  of  the  ice  thickness. 

During  the  winter,  when  ice  thawing  does  not  occur,  the  value  AH  is  determined  by  the  dif- 
ference between  the  quantity  of  the  fall  in  precipitation  and  evaporation,  the  deposition  and  the 
evaporation  in  the  central  arctic  are  not  great  in  the  winter,  and  we  may  disregard  in  the  first 
approximation  this  difference  and  reckon 


Ah  =0. 

Furthermore,  the  difference  of  the  densities  of  the  above-  and  under-water  parts  of  ice  which 
is  significant  in  summer,  is  small  in  winter.  From  this  we  may  derive  for  winter 

= V 

In  such  a case,  from  formula  (10)  we  shall  derive 


Considering  the  following  values  the  most  probable, 
therefore  Sw  ~ 1 -02'  **  = °-90> 

k = 0.1 1 Az. 

Thus,  the  increase  in  the  thickness  of  ice  by  accretion  from  below  to  100  cm  causes  a shift  of 
the  level  of  the  sea  with  regard  to  the  ice,  and  the  increase  of  the  height  of  the  above- water  part  of 
the  ice  11  cm  in  all,  and  the  increase  of  the  height  of  the  under- water  part  89  cm. 

During  the  summer  the  processes  which  change  the  position  of  the  isostatic  line  with  regard 
to  the  level  of  the  sea  results  in  the  following: 

1.  Evaporation  and  depositions  or  precipitations.  It  is  possible  to  neglect  in  the  first  ap- 
proximation the  influence  of  these  processes. 

2.  Accretions  of  ice  from  below  due  to  the  low  temperature,  which  is  already  preserved 
within  the  ice.  As  we  have  seen,  the  thickness  of  the  ice  due  to  the  secretion  by  freezing  can  thick- 
en more  than  5 to  10  per  cent,  so  that  we  may  also  disregard  for  our  purposes  this  phenomenon. 

3.  The  decrease  in  the  density  of  the  above- water  part  of  the  ice  in  summer  time  can  produce 
decreases  in  the  salinity  and  increase  porosity  due  to  the  increase  in  temperature. 

The  decrease  in  the  density  of  ice  (see  Section  65)  even  with  an  increase  of  20°  in  temperature 
does  not  exceed  . 03  per  cent.  For  our  purposes,  it  is  possible  to  disregard  this  value. 

The  decrease  in  the  density  of  the  above-water  part  of  the  ice  due  to  its  decrease  in  salinity, 
due  to  the  flow  of  brine  from  the  salt  capillaries  and  subsequent  replacement  of  the  formed  vacuums 
by  air  may  also  be  insignificant. 

There  is  another  matter,  the  increase  in  the  dimensions  of  the  salt  capillaries  which  is  due  to 
melting,  after  all  the  brine  flows  from  them.  On  the  strength  of  the  circumstance,  sea  ice  is 
gradually  transformed  to  a granular  ice  which  approximates  in  form  and  density  the  neve  ice. 

Returning  to  formula  (9),  we  note  that  with  the  quick  raising  of  ice,  the  density  of  the  part  of 
the  ice  with  a thickness  h which  had  been  raised  over  the  level  of  the  sea  cannot  be  changed  sig- 
nificantly. Therefore,  formula  (9)  takes  on  the  appearance 

(Ac  - Aft)  8»+(Zo+ Az)  8,  _ (z0-fc+ Az)  K , (i3) 

and  formula  (10)  resulting  from  (9)  takes  on  the  appearance 

k$w  — AASft-t-Az  (St  — 8U,)  = 0,  (14) 

where 

Ah  — 4-  Az  (8Z  — Sw) 


Futhermore,  let  us  remember  that  the  growth  of  ice  in  summertime  from  below,  due  to  the 
low  temperatures  of  ice,  cannot  exceed  20  cm,  and  the  difference  of  the  density  of  the  water  and  the 
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submerged  part  of  the  ice  cannot  exceed  0. 1.  Consequently  the  value 

A z (8,  — 8* ) 

cannot  be  greater  than  2 cm.  and  we  have  the  right  to  disregard  it  for  further  references. 

Therefore,  from  formula  (15),  we  derive 

Aft  = k ^ . 

Oh  (16) 

Substituting  the  values  6U,  = 1. 02,  <5^  = . 80,  and  h = 36  cm  (the  rise  of  the  hull  36  cm  above 
the  ice  sea  level,  as  observed  by  the  Se  i o we  get 

Ah-  46  cm. 

It  is  clear  that  a 46  cm  thaw  cannot  refer  to  some  individual  point  of  the  ice  field,  but  it  is 
necessary  to  observe  it  as  the  average  for  the  entire  surface  of  the  ice  field.  In  even  parts  of  the 
ice  field,  the  value  of  melting  will  be  less;  in  the  raised  parts  (hummocks  and  ropaki)  it  will  be 
more.  It  will  be  minimum  under  the  snezhnitsu  (snow  puddles)  where  the  water,  being  a foreign 
absorber  of  the  heat  of  solar  radiation,  will  protect  it  from  melting. 

That  very  same  thing  is  related  also  to  the  change  in  the  general  thickness  of  ice.  There, 
where  ropaki,  hummocks  and  snow  drifts  are  on  the  ice  fields,  the  decrease  in  the  thickness  was 
more  significant.  On  the  level  places  (on  such  where,  for  example,  the  measurements  of  thickness 
of  the  ice  cover  were  carried  out  at  the  time  of  the  drift  of  the  Sedo  v ) the  changes  of  the  ice  thick- 
ness was  the  smallest. 

The  dimensions  of  the  ice  field  in  which  the  Sec  u was  frozen,  are  not  known.  If  its  area 
was  only  about  1 square  km  in  all.  46  cm  of  melted  ice  had  to  give  about  400.  000  m of  water,  which 
filled  the  snezhitsa  (melt  pools).  While  this  water  remained  in  the  snezhitsa  (melt  pools),  vertical 
movements  were  caused  only  by  a result  of  the  summer  freezing  from  below,  due  to  the  low  temper- 
atures of  the  ice  itself,  and  this  raising,  as  we  have  seen,  would  not  exceed  2 cm  (that  is.  it  was 
completely  imperceptible).  Moreover,  such  a rise  could  only  be  completed  very  slowly. 

From  that  moment,  when  large  masses  of  water  had  begun  quickly  to  leave  the  snezhitsa 
(melt  pools)  and  run  under  the  ice.  the  ice  began  to  rise  above  the  level  of  the  sea  and  together  with 
it  the  Sedov  . 

It  is  possible  that  this  circumstance  contributed  to  ibis  rise,  in  that  ice  was  packed  during  the 
winter  under  the  Se.i  ’ v with  an  overall  thickness  of  10  m.  and  "directly  under"  the  5c  dev  , the 
isostatic  line  was  somewhat  lower  than  the  level  of  the  sea.  but  the  influence  of  the  rise  of  the  iso- 
static surface  cannot  be  determined  in  view  of  the  lack  of  data. 

LITERATURE:  74.  77.  133. 

Section  104.  Average  Ice  Thickness 

Ice  fields,  as  we  have  seen,  according  to  origin,  may  be  accumulations  of  ice  or  cakes  of  ice. 
The  thickness  of  the  first  are  more  or  less  equal  in  their  entire  extent;  the  thickness  of  the  second 
changes  from  point  to  point  within  extremely  wide  limits. 
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With  the  course  of  time,  the  ice  of  the  hummocks  can  be  transformed  into  a more  or  less 
level  ice  field  by  the  action  of  the  different  order  of  balancing  factors.  Such,  for  example,  appeared, 
according  to  observations  of  Soviet  airplanes  in  the  circumpolar  region.  But  generally,  especially 
in  the  periphery  of  the  Arctic  Basin  and  in  the  bordering  seas,  hummocks,  a characteristic  trait  of 
the  ice  landscape. 

I make  the  following  assumptions  for  judging  the  average  thickness  of  sea  ices: 

1.  Ice  fields  are  isostatically  balanced  at  every  point. 

2.  Hummocks  are  extended  by  bridges,  whose  transverse  cut  represents  an  isosceles 
triangle . 

3.  Blocks  of  ice  comprising  the  above-ice  and  under-ice  parts  of  the  ice  hummock  are  located 
in  such  a way  that  they  comprise  that  same  part  of  their  volume  which  is  occupied  by  these  parts. 

In  other  words,  if  the  volumes  of  the  above  ice  and  under  ice  parts  of  the  ice  hummock  are  corre- 
spondingly equal  to  u ^ and  vg  then  the  volumes,  being  occupied  by  ice  in  these  parts,  are  corre- 
spondingly equal  to  kvh  and  kus  where  k is  the  coefficient  of  filling  of  the  ice  hummock.  A cut  of 
an  even  ice  field  with  an  ice  hummock  included  in  it  is  represented  in  figure  101. 


Figure  101.  Above  and  under  ice  parts  of 
ice  hummocks  in  isostatically 
balanced  ice. 

It  is  clear  that  its  average  thickness  in  the  limits  of  the  hummock,  that  is,  the  thickness  of 
the  ice  field,  the  above-  and  under- water  parts  of  the  ice  hummock  will  be  equally  distributed  in  a 
layer  uniform  in  density  along  the  upper  and  lower  surface  of  the  field,  will  be  equal  to 

icp  = i + ~2  (^  + 2)’ 

where  i = the  thickness  of  the  level  ice, 

h = the  height  of  the  above  ice  part  of  the  hummock, 
z = the  height  of  the  under  ice  part  of  the  hummock, 
k = the  volume  of  the  ice  in  a unit  volume  of  the  hummock. 

But,  if  on  each  of  its  verticals,  the  hummock  is  isostatically  balanced,  the  relationship  exists 
between  the  heights  of  its  above  water  and  under  water  parts: 


(2) 
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Substituting  this  in  formula  (1)  we  get 


Regarding  on  the  average,  that  6W  = 1.02  and  6 .90,  and  assuming  that  the  above-  and 

under-ice  parts  of  the  ice  hummock  represent  heaps  of  blocks  of  ice  with  voids  between  them, 
because  of  which  the  density  of  the  ice  hummock  is  half  the  density  of  the  level  ice,  in  other  words, 
assuming  that  the  coefficient  of  filling  is  k = 0.  5,  we  get  from  formula  (3) 

* +TT  k 1.02— 0.90^  l + 2fl- 

It  is  clear  that  if  the  ridges  of  the  ice  hummocks  will  touch  one  another,  as  is  shown  in 
figure  102,  the  average  thickness  will  be  equal  to 


J = i + 2h. 


(4) 


Figure  102.  An  isostatically  balanced  hummock  field. 

If  the  hummocking  of  the  ice  field  is  evaluated,  as  this  is  assumed  by  Gordienko,  according 
to  the  10  Mark  system,  then  formula  (4)  takes  on  the  appearance  of 

l = i + ^2h,  (5) 

where  A'  = the  number  of  marks  of  hummocks. 

In  formula  (5)  we  can  regard  i as  the  thickness  of  the  level  ice,  as  the  thickness  of  the  ice 
accumulations  reckoned  with  sufficient  accuracy  according  to  the  degree  days  of  frost,  charac- 
teristic for  a given  region.  Almost  with  the  same  accuracy  we  can  appraise  the  magnitude  of  the 
summer  melting  for  the  given  region. 

Whatever  has  to  do  with  the  marks  of  the  heaping  and  the  average  height  of  the  hummocks, 
can  be  determined  best  of  all  by  ice-air  reconnaissance  and  also  by  sleigh  excursions. 

Gordeev  notes  the  following  curious  fact:  in  autumn  1937  at  the  time  of  the  drift  of  the 
fleet  Saiko  the  area  of  the  ice  of  fall  formation  in  a radius  of  1 km  around  the  ships  was  photo- 
graphed in  plan.  For  six  months  of  the  drift,  this  area  contracted  more  than  two  times  due  to  the 
hummocking,  which  occurred  chiefly  during  the  drift  of  the  ice  to  the  east.  The  average  height  of 
the  hummocks  was  about  3 m,  and  the  greatest  about  6.  5 m over  the  level  of  the  sea. 
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Formula  (5)  gives  an  Idea  of  the  average  thickness  under  the  condition  that  the  given  region 
is  completely  filled  with  ice;  in  other  words,  under  the  condition  that  the  quantity  of  ice  in  this 
region  is  10  marks.  With  the  thinned  ice  we  receive  a more  general  formula  from  formula  (5) 


J 


where  i = the  average  quantity  of  ice  in  marks  or  points. 


(6) 


Along  with  the  idea  of  the  average  thickness  of  the  ice,  the  idea  of  the  average  amount  of 
ice  in  the  basin  or  of  a part  of  it  rises  by  which  we  agree  to  understand  the  proportion  of  the 
actual  area  which  is  covered  by  ice  (taking  into  consideration  the  measuring  point  system)  to  the 
general  area  of  the  examined  part  or 


where  q - the  area  occupied  by  the  ice. 


L 


= JL  s_ 

10  q ’ 


(7) 


n = the  average  marks  of  the  ice, 


q = the  general  area  of  the  examined  region. 

ft  is  clear  that  the  average  iciness  does  not  completely  characterize  the  thickness  of  the  ice. 

Combining  the  ideas  of  the  average  thickness  and  iciness  of  the  region,  we  receive  the 
average  power  or  force  of  the  ice  cover  according  to  the  formula 

w-'#-^(1+752',)ti-  = (1+T52‘)'-  <8 

I was  assuming  the  derivation  of  these  formulas  that  both  the  level  as  well  as  the  hummock 
formations  on  any  vertical  are  isostatically  balanced  and  consequently  the  areas  occupied  by  the 
above  and  under  ice  parts  of  the  hummocks  are  equal. 

LITERATURE;  41,  42,  77. 


Section  105.  Decrease  in  the  Area  of  Ice  with  Hummocking 

During  the  observation  of  the  change  of  the  area  of  ice  on  the  White  Sea  and  the  reaction  of 
the  wind,  the  large  areas  of  clear  water,  opened  after  each  ice  hummocking,  surprised  Somov  and 
myself,  and  we  made  an  endeavor  at  an  approximate  calculation. 

Let  us  assume  that  a cut  of  the  ice  field  in  the  direction  of  the  wind  is  represented  in  figure 
103;  in  other  words,  in  the  direction  perpendicular  to  the  direction  of  the  ridges  of  the  hummocks. 
In  the  figure, 

L = the  length  of  the  ice  field  before  the  ice  hummocking, 
l = the  length  of  the  ice  field  after  the  hummocking  process, 
a = the  length  of  the  hummocked  part  of  the  field, 
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/ = the  decrease  in  the  Length  of  the  field  as  the  result  of  the  hummocking,  it  is  obvious  that 

L~l  = b.  (i 


Figure  10:t.  The  increase  in  the  area  of  the  Held  with  hummocking. 

But  since  the  decrease  of  the  ice  field  leads  completely  to  the  formation  of  hummocks,  then 

1>H  = ka  (h  + z),  (: 

where  H the  thickness  of  the  ice  field. 

the  average  height  of  the  above  ice  part  of  the  hummock, 

.?  - the  average  emersion  of  the  under  water  ice  part  of  the  hummock. 

k the  coefficient  of  filling  of  the  hummocks;  this  coefficient  under  the  condition  of  iso- 
static balance  is  equal  to  the  above-  and  under- ice  parts  of  the  hummocks. 


Substituting  formula  (1)  in  (2)  we  get 


L — l = 


ka(h  + z ) 


a_  N_ 
l “ 10  ’ 


where  V the  point  of  hummocking  of  the  field. 
Substituting  formula  (4)  in  (it),  we  get 


. . i /l  / . , Z \ N ' 

,+  /ch  (,+t)  To 


If  we  substitute 


then  we  get. 


t-0.3.^-3,  * -6. 


/ 1 
L = 1+0.6N  ' 
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\a>\  uh  an  sumo  that  the  Ico  field  oven  up  till  then  was  hummockcd  from  the  (WKinnin#  until  A 
point 8 and.  later  to  .v  point 8.  From  formula  (6)  we  can  write 

In  “ -y+OTtf  ’ ( 

therefore 

Im  " I 4-  0.6  Af  ’ 

. I -f  0.6 /V  . 

M I 4-  0.6AI  N' 

Table  84  (h  calculated  by  me  according  to  formula  (7).  from  which  It  follows  that,  for 
example,  If  the  Held  was  Ice  hummockcd  up  to  3 points,  that  is  A'  II,  ami  later  it  appears  hum- 
mockixl  to  f>  points,  that  is.  .V  5.  then 

Im  = 0.70  1N. 

In  other  words,  in  the  area  of  the  field  which  is  hummockcd  from  :i  to  5 points,  with  the 
values  received  by  us,  contracts  to  AO  per  cent. 

TAR1.E  81.  THE  DECREASE  IN  THE  AREA  OK  ICE  WITH  HVMMOCKlNd  (IN  PER 
CENT  OK  THE  INITIAL  AREA) 
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We  can  derive  the  formula  in  some  form  from  the  same  figure  l OH.  As  before,  let 

/.  — / - ft. 

but 


bH  — H), 

where  ■/RtjU  - the  average  thickness  of  the  tee  hummockcd  part  of  the  ice  field,  In  which  the  field 
is  not  hummockcd  by  the  wind  of  a given  force. 


Furthermore,  as  earlier,  we  derive 

0_  N_ 

/ " 10  ’ 

J_  _ 1 (8) 

1 — H) 

Let  us  assume  that  the  initial  thickness  of  the  Ice  is  U = 15  cm;  the  average  thickness  of  the 
ice  which  Is  not  hummocked  by  the  given  wind  is  H max  = 50  cm.  It  is  clear  that  the  field  stops 
being  hummocked  after  its  hummock  becomes  equal  to  10  points.  Substituting  these  values  in  for- 
mula (8)  we  derive  A'  = 0. 3. 

However,  the  assumptions  were  approximated  on  the  basis  of  which  formulas  (7)  and  (8)  and 
table  84  are  derived;  it  results  from  them  that  the  open  areas  of  water  will  be  created  even  with 
small  hummocking  in  the  sea.  A map  of  the  position  of  the  ice  in  the  White  Sea  according  to  the 
data  of  air  reconnaissance  which  was  carried  out  on  17  April  1942  (figure  104)  appears  as  the 
characteristic  example.  Such  a situation  has  been  created  as  a result  of  northwestern  storms  and 
great  areas  of  clear  water  in  the  Kandalakscha  Gulf  and  along  the  Karelian  shore  and  also  along  the 
western  shore  of  the  funnel  of  the  White  Sea  were  formed  exclusively  as  a result  of  hummocking. 


Figure  104.  The  position  of  the  ice  in  the  White  Sea, 
17  through  18  April  1942. 


It  is  clear  that  open  patches  of  water  being  cleared,  sometimes  at  one  shore  and  sometimes 
at  another,  and  that  evacuation  of  ice  will  create  the  possibility  even  of  sea  navigation  in  the  dead 
of  winter.  But  on  the  other  hand,  increased  ice  formation  occurs  in  open  spaces  of  water  with 
strong  freezing  and  in  such  a way,  that  the  total  power  of  the  ice  increases  in  the  course  of  time. 

LITERATURE:  77. 
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Section  106.  The  Increase  in  the  Power  of  the  Ice  Cover 
as  a Result  of  Drift  and  Ice  Hummocking 

As  the  observations  of  the  f'ran  and  the  Sedov  showed,  parts  of  the  ice  which  were  formed 
exclusively  us  a result  of  accretion,  can  be  preserved  in  the  Arctic  Busin  for  a long  time  (2  to  3 
years)  but  all  the  same,  they  do  not  determine  the  basic  masses  of  ice,  but  the  ices  of  the  pile-up. 

An  endeavor  to  consider  the  influence  of  ice  hummocking  and  the  cleared  spaces  of  water 
which  resulted  from  ice  hummocking  and  drift,  on  the  increase  of  the  total  force  of  the  ice  cover 
was  made  by  Somov  and  later  led  to  the  quantitative  expression  in  the  work  of  Biriulln  and  Somov. 

Calculating  the  average  thickness  of  the  ice  as  the  quotient  for  the  division  of  the  general 
volume  of  ice  by  the  area  of  the  examined  part  of  the  sea,  Somov  points  out  that  this  thickness  of 
ice  is  summed  up  from  the  interaction  of  the  following  factors: 

1.  Accretion  from  below  due  to  heat  emission  into  the  atmosphere. 

2.  The  bearing  out  of  the  ice  from  the  sea  and  returning  it  from  other  seas. 

3.  formations  of  young  ice  in  clear  water,  which  is  caused  as  a result  of  drift  and 
hummocking. 

4.  Ice  melting. 

It  is  natural  that  during  the  period  of  ice  formation  it  is  necessary  to  consider  the  first  three 
factors,  but  during  the  period  of  melting,  only  the  second  and  fourth. 

Furthermore,  for  the  solution  of  the  problem,  Somov  makes  the  following  assumptions: 

1.  The  area  of  the  sea  is  equi-dlmensional  to  a certain  rectangular  sea,  whose  width  is 
equal  to  the  average  width  of  the  given  sea,  and  the  length  is  equal  to  the  average  length  of  the 
given  sea. 

2.  The  sea  on  three  sides  is  bordered  by  shores;  the  fourth  side  of  it  is  in  free  communica- 
tion with  the  Arctic  Basin. 

The  Laptev  Sea  answers  such  a condition  in  the  first  approximation  (if  possibility  of  an  ice 
exchange  with  the  Kara  and  the  Fast  Siberian  Seas  across  the  straits  of  the  archipelagos  of 
Severnaya  Zemlya  and  the  north  Siberian  Islands  is  disregarded). 

3.  The  sea  is  encompassed  at  the  same  time  by  the  drift  (average  for  a 10  day  period  or  for 
a month);  the  drift  flows  over  the  entire  area  of  the  sea  with  an  equal  velocity  and  in  the  same 
direction.  This  assumption  has  been  Indicated  to  some  degree  by  the  simultaneous  drifts  in  the 
winter  of  1937-1938  of  the  fleet  of  the  ships;  of  the  ice  breaker  Lm  i’l  in  the  southwestern  part, 
and  of  the  steamer  Icebreaker  Socikov  in  the  northeastern  part  of  the  Laptev  Sea. 

4.  With  the  drift  of  ice,  which  is  accompanied  by  hummocking  or  carrying  of  ice  from  the 
sea.  the  sum  of  the  areas  of  water  free  from  ice  is  equi-dimensional  to  that  area,  which  would  be 
received  as  a result  of  the  simultaneous  movement  of  ice  on  the  entire  sea  in  the  form  of  a solid 
cover  with  a given  velocity  and  direction  of  drift. 
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5.  If  the  ) axis  is  oriented  along  the  principle  direction  of  the  ice  ei  inge  of  the  sea  with 
an  adjacent  part  of  the  Arctic  Basin,  the  projection  of  the  velocity  of  the  drift  on  the  X axis  (»’,,) 
characterizes  the  velocity  of  the  transport  of  Ice  beyond  the  bounds  of  the  sea  or  the  transport  of 
ice  from  without.  The  projection  also  of  velocity  of  drift  on  the  V axis  (if-)  characterizes  only 
the  hummoeking  within  the  boumls  of  the  sea,  thereby  not  changing  the  total  quantity  of  ice  in  the 
sea.  The  changes  in  the  quantity  can  be  stipulated  at  the  same  time  only  by  the  accelerated 
accretion  of  young  ice  in  the  areus  of  clear  water  which  are  cleared  off  during  the  drift. 

6.  During  the  orientation  of  the  projection  of  the  velocity  of  the  drift  on  the  )'  axis,  the 
transport  out  of  ice  which  is  linked  with  the  freezing  of  areas  of  clear  water  proceeds  to  the  side 
of  the  Arctic  Basin.  In  addition  to  this,  no  hummocks  occur.  In  the  case  of  the  orientation  of  the 
projection  of  the  drift  on  the  1'  axis,  the  location  which  is  linked  with  the  hummocking  within  the 
bounds  of  the  seu.  has  the  entrance  of  the  ice  into  the  sea  laterally  from  the  Arctic  Basin,  which 
is  in  contrast  to  the  transporting  out  of  ice.  At  the  same  time,  three  areas  of  water  are  not 
formed. 

As  a result  of  the  appropriate  calculation,  Somov  arrived  at  the  following  formula: 

//„  - + A//„  4-^  A/i  ± -^(//„_,  +A H)  + ^ A/in,  <x> 

where  - the  average  thickness  of  the  ice  in  the  sea  at  a given  moment, 

1 the  average  thickness  of  the  ice  in  the  sea  at  a proceeding  moment, 

Aj/n  the  increase  in  the  average  thickness  of  the  ice  in  the  sea  for  an  examined  space  of 
time. 

A *i..  the  thickness  of  the  ice  which  had  been  formed  in  clear  water  for  an  examined  period 
of  time. 

a ,.n  . the  transference  of  ice  along  the  A axis  for  an  examined  period  of  time. 

j . „ . the  transference  of  ice  along  the  ! axis  for  an  examined  period  of  time. 

: the  length  of  the  sea  (along  1'  axis), 

b the  width  of  the  sea  (along  V axis) 

The  fourth  component  In  the  first  part  of  the  equation  has  a minus  sign  in  the  orientation  of 
1 , to  the  side  of  the  Arctic  Basin  and  the  plus  sign  in  the  orientation  of  its  side  in  the  sea.  The 
last  member  of  the  right  side  enters  only  with  the  plus  sign  and  only  then  when  the  preceding  mem- 
ber has  a minus  sign.  The  last  three  members 

A /i„  ± 2j*!  (//„_,  + A//„)4- a l,„ 

for  brevity  are  defined  by  means  of  I and  are  reckoned  by  the  general  correction  for  the  average 
thickness  of  the  ice  in  the  sea  due  to  the  drift. 

Thus  formula  (2)  is  derived: 

Hn  — Hn— i + A//„  A.  /•>> 
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Somov's  method  was  curried  out  by  Blriulin  and  Somov  for  the  calculation  of  the  average 
thickness  of  ice  in  the  southern  part  of  the  Laptev  Sea  for  the  past  years.  The  borders  of  the 
region  to  which  the  calculations  refer,  are  shown  in  figure  105. 


f0‘  no'  no'  no*  no*  ho • no*  no* 


no*  uo°  ho * no* 


Figure  105.  Borders  of  the  examined  part  of  the  l-aptev  Sea. 

The  calculations  of  the  accretion  of  ice  were  carried  out  according  to  the  formula  proposed 
by  me,  in  which  the  necessary  number  of  degree  days  of  frost  was  computed  as  the  arithmetical 
mean  for  the  observations  of  the  stations  which  were  located  on  the  periphery  of  the  region  and 
namely;  the  "Cape  Cheliuskin."  "Tiksi  Bay,"  "Schalamrov”  and  "Koletsnoi  Island  . " 

Two  points  on  latitude  75°  and  80°  along  the  meridian  125°  were  chosen  for  the  calculations 
of  the  elements  of  the  drift.  According  to  my  method  (see  Sections  135  and  136)  and  chiefly  on  the 
assumption  that  the  wind  drift  occurs  along  the  isobars  and  with  a velocity  inversely  proportional 
to  the  distance  between  the  isobars;  according  to  monthly  charts  of  pressures,  the  directions  and 
velocities  of  drifts  for  3 points  were  calculated  and  later  averaged.  The  average  thickness  of  the 
ice  in  the  laiptev  Sea  without  the  calculations  of  the  drift--according  to  formula  (2)--and  the 
average  thickness  of  the  ice  with  the  calculation  of  the  drift  as  shown  in  figure  106  according  to 
Blriulin  and  Somov. 

It  is  distinctly  clear  from  the  picture  that  the  influence  of  the  drift  on  the  average  thickness 
of  the  ice  begins  to  significantly  show  an  effect  from  February,  gradually  increasing  in  effect  until 
May,  inclusive.  The  difference  between  the  thickness  of  the  ice  which  is  computed  without  reckon- 
ing of  the  drift  and  of  the  thickness  which  Is  computed  with  reckoning  of  the  drift  may  reach  70  cm, 
which  comprises  about  40  per  cent  of  the  maximum  thickness  of  the  ice. 

Proceeding  from  the  average  thickness  of  the  ice  to  the  total  quantity  of  the  ice  in  the  sea,  it 
is  possible  to  conclude  that  due  to  the  drift,  40  per  cent  of  the  total  quantity  of  the  ice  which  is 
formed  in  the  course  of  the  winter  appears  to  bo  transported  from  the  sea  (until  May). 


i 


Figure  106.  The  average  thickness  of  ice  in  the  Laptev  Sea 
with  calculation  and  without  calculation  of  the 
drift. 


Figure  107.  The  correction  of  the  average 
thickness  of  the  ice  for  the 
drift. 


Figure  107  confirms  that  material  just  discussed.  In  this  figure,  the  average  values  of  the 
total  correction  for  the  average  thickness  of  the  ice  which  is  conditioned  by  drift,  are  drawn  for  a 
period  of  4 years.  It  is  seen  from  the  graph  that  the  negative  correction  increases  in  spring  and 
reaches  its  maximum  in  May. 

In  Somov's  method,  as  yet  not  entirely  worked  out,  the  correction  for  hummocking  is 
absent.  This  correction  is  extremely  complicated,  but  at  the  same  time,  it  has  an  essential 
value. 

LITERATURE:  18,  77,  123. 
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Secfion  107.  The  Influence  of  Hummocking  of  Ice 


Every  Ice  formation  increases  the  salinity  of  the  surface  layers  of  the  sea.  For  the  calcu- 
lation of  this  salt  increase.  1 propose  a simple  formula. 


AS 


0.9  S0  . 
AT 


where  S',)  = the  initial  water  salinity, 


(1) 


s - the  depth  of  the  layer,  entrapped  by  vertical  circulation  during  ice  formation, 

A . - the  increase  in  the  thickness  of  the  ice  (with  assumption  that  the  salinity  of  the  ice 
itself  is  equal  to  0). 


Carrying  out  formula  (1)  Dobrovolskii  assumes  that  the  ice  formed  is  from  time  to  time 
hummocked. 


With  such  an  assumption,  the  salinity  after  the  first  formation  will  be  equal  to 

Si~S0  + AS  • 


<2> 


where 


tv  °9S%- 
AS  - Ai- 

z 


After  the  first  hummocking  and  the  new  formation  of  ice  in  the  area  of  clear  water,  we 


derive 


S.-S.  + AS,. 


(3) 


where 


0.9  S. 

AS, - A i. 

z 

Substituting  formula  (2)  and  formula  (3)  we  derive 


„ / 0.9 

— S0  1 I -1 — -Ai 


(■») 


After  n hummockings  and  freezing  accretions  of  ice  of  one  and  the  same  thickness,  we 
derive 


/ 0.9  \n 

Sm-S„  ^ 1 -4  — Ai  | . 

Dohrovolskii  uses,  furthermore,  formula 

Af-nifi  + (I  — n)  Ai'»s 


(5) 
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where  n = the  iciness  in  points, 


Ai  = the  total  increase  in  ice, 

A i , - the  increase  in  ice  under  the  ice, 

A;,.  = the  increase  of  ice  in  clear  water. 

Dobrovolskii  transposes  formula  (5)  for  convenience  thusly 

±i-Mw—n(Mw—  Ait).  (6) 

Dobrovolskii  also  computes  the  sizes  for  A iw  and  A t according  to  the  formula  proposed 
by  me, 

Ai  = — (25+i0)+V  (25+i,)‘  + 8W.  (7) 

For  illustration  of  his  conclusions,  Dobrovolskii  solves  the  following  individual  example.  At 
the  initial  moment,  the  thickness  of  a layer  of  water,  attracted  into  a vertical  circulation  by  the 
salt  increase  during  ice  formation,  is  equal  to  25  m;  the  initial  salinity  of  this  layer  is  equal 
30  o/oo,  the  number  of  degree-days  of  frost  for  the  examined  region  is  5000. 

In  table  85  Dobrovolskii's  computations  are  quoted  for  the  following  three  cases: 

1.  5000  degree-days  of  frost  are  realized  in  20  series  (each  gradually  at  the  rate  of  250 
degree  days),  after  each  series,  hummocking  occurs. 

2.  5000  degree-days  of  frost  are  realized  in  10  series  at  the  rate  of  500  degree  days. 

3.  5000  degree-days  of  frost  are  realized  in  series  of  5 at  the  rate  of  1000  degree  days. 

Examining  table  85,  we  see  that  the  less  the  iciness  and  the  more  often  hummocking  occurs, 
the  stronger  the  increase  in  salt. 

As  Dobrovolskii  correctly  notes,  the  examined  phenomenon  can  give  some  indications  for 
the  explanation  of  comparatively  high  salinity  in  the  sub- surface  (to  100  m depth)  of  the  layers 
of  part  of  the  Arctic  Basin  during  extremely  low  temperatures. 

TABLE  85.  THE  SALT  INCREASE  IN  THE  ALYER  25  M THICK  WHEN 
THICKENING  OF  ICE  TO  150  CM  WrTH  5000  DEGREE- 
DAYS  OF  FROST  AND  WITH  ICE  OF  VARIOUS  POINTS 


Points 

Salinity  in  o/oo 

I 

II 

IU 

10 

31.35 

31.22 

31.16 

9 

31.77 

31.57 

31.44 

8 

32.23 

31.91 

31.67 

7 

32.76 

32.36 

31.95 

6 

33.21 

32.71 

32.26 

5 

33.67 

33.07 

32.48 

LITERATURE:  45,  164,  165. 
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CHAPTER  VIII 
MELTING  OF  SEA  ICE 

Section  108.  Phases  of  Weakening  and  Destruction  of  Sea  Ice 

Two  processes  constitute  the  main  factors  in  the  destruction  of  an  ice  cover — evaporation  and 
melting.  In  the  first,  the  ice  is  transformed  into  water  vapor;  in  the  second,  into  water. 

Evaporation  is  proportional  to  the  above-water  surface  of  the  ice.  It  is  obvious  that  other 
conditions  being  equal,  the  more  cut  up  the  ice  surface,  the  greater  the  evaporation. 

Melting  occurs  as  a result  of  the  ice  absorbing  solar  radiation  or  atmospheric  heat  in  propor- 
tion to  the  above-water  surface,  and  the  absorbing  of  heat  from  the  adjacent  water  in  proportion  to 
the  sub-surtace  area  of  the  ice. 


Since  the  ratio  of  surface  area  of  bodies  to  their  volumes  is  greater  when  their  dimensions 
are  smaller,  it  is  natural  that  the  influence  of  evaporation  and  melting  is  felt  primarily  by  small  ice 
formations.  In  this  connection,  the  breaking  of  ice  fields  into  smaller  parts  by  various  factors  ac- 
quires special  significance.  Breaking  occurs  more  readily  when  the  ice  is  less  thick  and  tough. 

The  firmness  or  solidity  of  the  ice,  as  we  have  seen,  depends  in  significant  degree  on  the  ice  tem- 
perature. Therefore,  breaking  up  is  usually  preceded  by  weakening  of  the  ice  due  to  absorption  of 
the  sun's  radiation  and  heat  from  the  atmosphere  and  the  water. 

Melting  of  ice  starts  first  near  the  shores,  partly  due  to  the  influence  of  shore  drainage  and 
soiling  or  dirtying  of  the  littoral  ice  (which  contributes  to  increased  absorption  of  radiation),  and 
partly  due  to  the  great  crushing  of  the  littoral,  floating  ice  floes. 

Weakening,  breaking  up,  and  melting  of  sea  ice  go  forward  in  parallel  fashion,  and  do  not 
cease  until  the  ice  is  completely  demolished.  Nevertheless,  the  process  of  demolition  may  be  con- 
ditionally divided  into  stages  of  weakening  and  destruction. 

1.  The  first  phases  of  weakening  oi  ice  are  the  internal  deformations  which  are  brought  about 
in  the  sea  ice  immediately  after  its  temperature,  having  reached  a minimum,  begins  to  rise  due  to 
the  influence  of  various  factors.  These  internal  deformations  are  accompanied  by  a descending 
movement  of  the  brine  and  an  increase  in  the  ice  porosity.  With  the  appearance  of  the  sun  over  the 
horizon  in  the  spring,  the  shiny,  silvery  ice-rind  (korlri)  begins  to  form  on  the  surface  of  the 
snow.  Simultaneously,  the  accumulation  of  heat  from  solar  radiation  begins  under  the  ice- rind. 

With  continuing  increase  in  the  height  of  the  sun  and  start  of  daily  variation  in  air  temperature 
there  begins  a reduction  of  the  snow  cover,  settling  of  the  hummocks,  floating  away  of  the  sharply 
jutting  sections  of  the  ice  floes,  and  development  of  thermal  cracks  which  weaken  the  ice. 

2.  The  next  phase  in  the  weakening  process  is  the  gradual  melting  of  the  winter  ice  cover  and 
formation  on  the  ice  surface  of  snow-water  puddles.  In  case  of  chance  freezing,  these  water  pud- 
dles are  covered  with  a thin  rind  of  ice  which  protects  the  water  from  cooling.  Simultaneously  the 
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foreign  elements  a if  washed  away  from  the  snow  aiul  loo  Into  tho  tloopor  oavltloH  of  Iho  wator  pud- 
illos,  tho  rat. soil  parts  of  tho  loo  become  loss  sallno  iluo  to  washing  Ity  tho  thaw  wator  of  Iho  hrlno 
from  tho  salt  oolls,  ami  tho  huminiK'k  oontours  Im'Oomio  rouniloil. 


1 


a,  Aftor  tho  individual  deep  spots  In  tho  snow  puiltllo  havo  mol  tint  through  oomplotoly  tho  snow 
wator  runs  ofl  umlor  tho  loo  with  subsequent  loo  formation  umloinoath  tho  existing  loo.  Tho  nowly- 
formod  loo  ovontually  rlsos  to  tho  surfaco  with  tho  melting  of  old  loo  alsno.  This  phaso  oonolmlos 
tho  weakening  of  sou  too. 

■I.  Tho  first  phaso  of  too  destruction  is  tho  hro aklng-up,  umlor  tho  Influence  ol  external 
forces,  of  tho  too  fields  Into  more  or  loss  large  soot  Ions  along  the  linos  of  least  resistance.  Tho 
first  movements  of  tho  loo  cause  tho  cracks  to  ho  made  larger  duo  to  the  hummoeklng  of  tho  con- 
tiguous parts.  In  the  process  of  humnincklng  tho  Individual  Hoes  are  not  fused  Into  a single  piece 
duo  to  tho  fact  that  their  temperature  Is  high  by  this  time.  With  the  Increase  In  quantity  and  size  of 
tho  cracks  tho  amplitude  of  movement  of  tho  loo  Is  progressively  Increased. 

1‘hc  second  phase  of  destruction  Is  the  rounding  of  tho  hroken-up  formations,  tho  Increase 
In  st/.o  of  the  wator  spaces  which  form  a licit  around  the  indivlilual  loo  chunks,  ami  the  lormalton  ol 
loo  cornices  and  shoved -under  floes,  or  posuovy.  IXirtng  this  stage  there  Is  much  mo  nionl  ol  the 
too  hack  and  forth.  Tho  Iasi  loot  - : I ceases  to  exist  as  such  and  changes  over  to  flouting  ter 

floes. 


It.  The  next  phaso  ol  destruction  Is  tho  gradual  decrease  In  vertical  and  horizontal  dimensions 
of  lloes.  There  occurs  simultaneously  a decrease  In  total  loo  area  due  to  tho  collisions  of  tho 
separate  fields  and  floes  with  each  other,  and  due  to  the  formation  of  hummocks. 

7.  In  the  open  sea,  In  tho  course  ol  dost  ruction  of  loo,  not  only  are  the  dimensions  ol  Indi- 
vidual I'loos  decreased  but  also  tho  total  lee  coverage.  In  this  connection  tho  washing  action  of  tho 
waves  Incomes  effective.  Tho  recessing  along  tho  water-line  lieoomes  greater  and  greater,  and  tho 
small  floes  finally  acquire  the  very  characteristic  form  of  "loo  lilies"  and  "Ice  ducks.  " 

s.  Under  regular  conditions  of  molting,  tho  luimmookod  loo  fields  are  gradually  changed  Into 
smooth  Holds.  Thus  tho  thickness  of  tho  fields  becomes  less  and  less,  and  before  disappearing 
completely,  the  ice  becomes  very  similar  to  young  "rind"  loo,  or  nllas.  Such  a characteristic  pro- 
cess was  carefully  traced  in  the  spring  of  I '.Ml!  by  tho  air-reconnaissance  missions  of  Kotin  and 
Morozov  In  the  White  Son. 

!».  I ho  final  phase  ol  destruction  is  the  disintegration  of  tho  Ice  into  separate  pieces;  e g. , 

Ice  crystals  or  rounded  Ice  globules  <>|  uniform  texture  and  the  remains  of  the  condensed  cores  ol 
the  hummocks. 


In  order  to  make  possible  comparisons  in  the  practical  usage  ol  Information  on  the  degree  of 
destruction  of  sea  Ice  by  thawing  In  spring  and  summer  seasons,  the  following  |k*I nt  scale  has  lieon 
worked  out  by  Somov; 

I point  - Cone  lete  absence  of  external  signs  of  destruction,  breaks  In  the  ice  are 
sharp.  Ice  surface  is  white. 


».tii 


, 


j points  - Small  quantity  of  snow  puddles;  no  crooks  or  drain  holes  present.  II  the 
lee  Is  In  such  small  fragments  that  snow -puddles  cannot  form,  the  very 


fragmentation  of  the  ice  indicates  the  start  of  the  first  stage  of  destruction 
(mechanical). 

3 points  - Large  quantity  of  snow  puddles  and  some  drain  holes  present.  The  edges  of 

the  floes  are  rounded,  often  forming  an  ice  peak  which  hangs  over  the  surface 
of  the  water.  Ice  surface  is  predominantly  white. 

4 points  - Large  quantity  of  drain  holes  and  snow-puddles  present,  joined  to  each  other 

by  rivulets.  Ice  surface  is  often  similar  to  lace.  The  arches  between  the 
drain  holes  are  still  white  or  dirty  brown  if  there  is  any  mineral-organic 
sediment  on  the  ice.  In  brash  ice  there  are  often  found  mushroom-shaped 
floes  with  a noticeable  list  and  with  sub-surface  "spurs”  or  "rams"  ( taran)- 
The  smallest  floes  are  strongly  saturated  with  water  and  are  gray  in  color. 

5 points  - The  ice  is  badly  destroyed  by  thawing  and  sits  deep  in  the  water.  There  ap- 

pear over  the  water  only  the  higher  parts  of  the  floes  very  saturated  with 
water  and  gray  in  color.  The  ice  is  very  often  seen  in  the  form  of  amor- 
phous, small  fragments  and  it  is  impossible  to  distinguish  their  upper  and 
lower  surfaces.  In  such  a case  there  is  typically  present,  among  the  separate 
floes,  a great  quantity  of  extremely  small  ice  chunks  saturated  with  water, 
these  being  the  remnants  of  broken -up  floes.  These  ice  chunks  are  somewhat 
reminiscent  of  "sludge-ice"  ( ^oshq).  In  certain  instances  the  ice  retains  the 
dimensions  of  the  large  fields,  thickly  covered  with  drain-holes,  similar  in 
appearance  to  "lace”  (level  ice  which  has  its  origin  in  the  spring).  With  a 
small  visual  angle  such  ice  is  difficult  to  distinguish  from  open  water.  * 

Obviously,  melting  commences  at  different  dates  for  different  regions  depending  on  climatic 
conditions.  Generally  speaking,  the  further  north  the  later  the  date.  In  the  case  of  far  north  re- 
gions, the  ice  can  pass  through  only  a few  of  the  phases  of  melting  before  the  beginning  of  winter 
cold.  Thus,  for  example,  the  ice  field  on  which  the  "North  Pole"  station  was  constructed  in  the 
course  of  the  summer  of  1937  went  through  the  phases  of  formation  of  thaw-water  puddles  on  its 
surface  and  flowing  off  of  thaw -water  under  the  ice.  The  ice  which  drifted  with  the  Sedov  in  the 
course  of  the  summer  of  1939  also  went  through  the  stages  of  flowing  off  of  thaw-water  from  the 
snow-puddles,  draining,  and  new  ice  rising  to  the  surface. 

The  most  decisive  of  the  above-enumerated  phases  in  the  thawing  process  are:  appearance  on 
the  ice  fields  of  the  first  water  puddles,  breaking  of  the  large  ice  fields  into  smaller  fields,  and  the 
first  movements  of  the  ice.  The  earlier  these  phases  occur  in  any  particular  region  of  the  sea,  the 
earlier  will  occur  the  complete  disappearance  of  the  ice,  other  conditions  being  equal.  At  least,  a 
decrease  in  ice  area  will  occur  sufficient  for  navigation  purposes.  The  importance  of  these  phases 
is  determined  by  the  oft-emphasized  fact  that  while  the  snow  and  ice  are  the  most  perfect  reflectors 
of  radiant  energy,  water  is  an  extremely  effective  absorber  of  it. 

LITERATURE:  62,  77,  88. 


♦The  above  scale  was  worked  out  before  the  actual  navigation  of  1943.  It  has  not  yet  been 
verified  in  practice  and  therefore  cannot  pretend  to  precision  and  accuracy. 


Section  109.  Initial  Phase  of  Weakening  of  Ice 

In  sen  lee,  due  to  Its  physical  and  chemical  peculiarities,  melting  commences  from  the  mo- 
ment when  the  Ice  temperature,  having  reached  a certain  minimum,  starts  to  rise  under  the  action 
of  one  or  another  factor.  These  factors  are  the  absorption  by  the  ice  of  the  direct  anti  diffused  solar 
radiation,  and  of  heat  from  the  adjacent  air  and  water  layers. 

During  the  polar  winter  the  reception  of  radiant  energy  is  zero  iuhI  therefore  the  chance  in- 
creases in  temperature  ol  the  surface  layers  of  ice  are  caused  entirely  by  absorption  of  heat  from 
the  air.  This  absorption  is  by  no  means  slight.  Table  86  shows  the  average  positive  deviations 
from  the  mean  monthly  ice  temperatures  observed  by  Malmgen  in  January  liKM  (author's 
computations). 

table  86.  average  positive  deviations  from  mean  monthly  ice 

TEMPERATURES  IN  JANUARY  1924 


Ice  depth  in  cm  0 

25 

75 

125 

Temperature  deviations 

in  degrees  Centigrade  2.  4 

1.6 

0.6 

0.  2 

From  this  table  it  may  be  seen  that  the  positive  deviation  of  temperature  embraced  the  ice 
layer  to  a depth  of  200  cm  and  raised  its  temperature  on  an  average  of  0.6".  If  we  consider  that 
under  low  temperature  conditions,  sea  ice  has  a specific  heat  equal  to  0.5,  we  find  Unit  each  square 
centimeter  of  ice  surface  in  the  case  under  consideration  absorbed  nearly  64  g/cnl  from  the  atmos- 
phere during  the  month.  * 

The  reflecting  quality  of  the  snow  which  covers  the  sea  ice  is  the  basic  factor  which  deter- 
mines the  melting  of  the  sea  ice  by  the  action  of  radiant  energy.  It  is  therefore  clear  that,  gener- 
ally speaking,  melting  commences  earliest  wherever  the  snow  surface  is  solid  or  dirtied  by  one 
means  or  another.  *♦ 


♦Computations  based  on  the  original  data  published  in  Malmgren's  "On  the  Properties  of  Sen 
Ice"  from  the  Scientific  Results  of  the  Norwegian  North  Pole  Expedition  with  the  Maud  1918  to  1925, 
Vol.  1 and  1A,  show  that  the  temperature  deviations  in  table  86  at  125  and  200  cm  are  ll,5'C  and 
0.  4 C instead  of  0.2‘C  and  0.  0"C  as  given  by  Zubov.  Furthermore,  the  amount  of  heat  absorbed 
from  the  atmosphere  per  square  centimeter  of  ice  surface  for  the  month  should  l>e  54  g/cnl  rather 
than  64,  as  shown  by  the  following  computation: 

di,  = e p V A T 

where  ■ amount  of  heat  absorbed, 
c specific  heat  of  iee, 
p = density  of  ice, 

V - volume  of  ice  affected, 

A."  Increase  in  temperature. 

- Translator. 


••Contrarily,  a large  amount  of  dirt  or  scattered  stones  on  the  ice,  due  to  their  low  heat  con- 
ductivity, w ill  retard  the  melting  of  the  ice. 


298 


ThU  soiling  Is  especially  marked  In  coastal  or  shallow  water  ice  when1  particles  of  shore 
origin  fall  onto  the  Ice  by  one  means  or  another  and  also  on  open  sea  Ice  where  the  Ice  surface  Is 
dirtied  as  a result  of  biological  process.  For  example,  Nansen  noted  that  on  18  dune  I8!>r>,  when 
the  From  was  at  Hi"  21  * north  in  the  midst  of  Ice  at  least  three  years  old,  a dirty  brownish  Ice  was 
predominant. 

Foreign  particles  embedded  in  the  ice  decrenso  Its  total  reflecting  capacity  and  become  cen- 
ters around  which  the  melting  is  concentrated.  However,  even  completely  clean  ice  which  is 
covered  with  clean  snow  will  finally  yield  to  the  action  of  radiant  energy  since  a certain  part  of  this 
energy  does  penetrate  and  Is  absorbed.  Obviously,  the  first  to  melt  are  the  surface  snow  flakes, 
which  fuse  into  a solid  mass  having  great  reflecting  capacity  (solar  korka  or  tec-rind).  The  snow 
surface  aoquires  at  this  time  a blinding  white  color  which  gives  rise  to  a painful  eye  inflammation 
in  the  early  spring  at  polar  stations  - commonly  known  as  "snow  blindness.  " The  horizon  becomes 
Indistinct  and  sometimes  a strong  refraction  is  observed.  If  the  sky  is  covered  with  a thin  cloud 
layer,  the  whole  atmosphere  appears  to  Ik-  filled  with  a peculiar  silvery  light,  similar  to  the  light 
reflected  from  a polished  stiver  plate. 

But  the  solar  radiation,  which  falls  onto  the  snow  surface  and  fuses  the  surface  flakes,  at  the 
same  time  penetrates  into  the  snow  and  causes  its  settling  or  packing.  Along  with  the  packing  the 
heat  conductivity  of  the  snow  is  increased  and  thus  the  heat  transfer  from  the  snow  io  the  ice  is 
hastened. 

Despite  the  fact  that  in  the  c'nrly  spring  in  the  southern  parts  of  the  Arctic  Basin  the  air 
temperature  does  not  go  above  -10"  during  the  day  and  often  falls  below-  -:i<)  at  night  due  to  radia- 
tion, the  first  Icicles  and  liquid  drops  of  Ice  brine  appear  on  the  jutting  prominences  of  hummocks 
which  are  turned  toward  the  south  and  the  sharp  edges  of  the  ice  floes  begin  to  melt  and  become 
rounded. • 

With  further  raising  of  air  temperature  and  increase  In  solar  radiation  the  surface  layer  of 
the  snow  is  saturated  with  water  and  its  absorption  ability  Is  increased. 

In  case  of  a sudden  cold  spell,  ice  rind  Is  always  formed  on  the  snow  surface.  This  ice  rind 
Is  of  great  significance  for  further  melting.  Actually,  as  we  have  seen,  even  very  thin  layers  com- 
pletely block  the  passage  of  long  wave  radiation.  From  this  It  follows  that  after  an  initial  or  re- 
peated formation  of  ice  rind  on  the  snow  cover  over  the  ice,  the  radiant  energy  entering  the  ice  Is 
transformed  into  heat  but  cannot  radiate  back  onto  the  atmosphere  due  to  the  "hot -house  effect"  of 
the  ice  rind. 

Thus  the  heat  is  gradually  stored  up  In  the  snow  and  Ice,  and  makes  Itself  felt  In  the  tempera- 
ture Increase  In  that  part  of  the  ice  which  is  lighted  by  the  sun.  In  the  deeper  parts  of  the  ice  this 
heat  is  absorbed  primarily  not  by  the  Ice  crystals  themselves  but  by  the  foreign  matter.  This  ex- 
plains the  fact,  as  we  have  seen,  that  pond  ice  which  has  formed  under  quiet  or  calm  conditions 
acquires  (n  tlmwtng  a typical  honeycomb  appearance  and  that  all  accretion  Ice,  Including  sen 


•On  Sosnovets  Island,  ;hi  to  2!)  February  1928,  a settling  of  snow  due  to  influence  of  solar 
radiation  was  registered  with  a temperature  of  15  '.  During  the  wintering  of  the  Kusslnn  Polar 
Fxpedltton  in  the  Ijiptev  Sea  instances  were  observed  of  melting  of  sen  snow  in  the  sun  with 
temperatures  of  -15"  to  -20". 


accretion  ice,  breaks  up  at  the  moment  of  complete  destruction  into  separate  long  needles,  which 
represent  the  remnants  of  the  crystals.  * 

ft  is  natural  that  the  projecting  parts  of  sea  ice— the  hummocks  and  snow  hills— are  the  first 
to  be  subjected  to  thawing.  The  intensity  of  heating  by  direct  solar  radiation  is  directly  propor- 
tionate to  the  sine  of  the  angle  of  Incidence  of  the  sun's  rays,  which  is  why  the  vertical  walls  of  ice, 
in  polar  regions  are  heated  considerably  more  intensively  than  the  horizontal  surfaces.  For  the 
same  reason,  upon  the  first  appearance  of  the  sun  over  the  horizon,  even  with  very  low  air  temper- 
atures, ice  stalactites  and  icicles  appear  on  the  heapings  which  face  toward  the  south  and  hang  out 
over  the  level  ice. 

Under  polar  conditions,  as  we  have  seen,  the  diffused  solar  radiation  has  particular  impor- 
tance. The  surface  area  of  heaped  ice  accumulations,  subject  to  the  influence  of  solar  radiation,  is 
considerably  larger  than  the  area  which  these  heapings  occupy  on  the  level  ice.  Thus  the  diffused 
radiation  also  destroys  the  heaped-up  masses  in  considerably  greater  degree  than  the  level  ice. 

Destruction  of  the  heaped  accumulations  is  greatly  increased  by  winds.  With  warm  winds 
condensation  occurs  accompanied  by  a discharge  of  heat;  with  cold  winds  there  is  evaporation  of  the 
ice.  In  addition,  the  wind  continually  packs  the  snow  by  its  pressure. 

All  these  factors  are  most  destructive  to  the  steeply  projecting  slopes  and  gradually  the  angu- 
lar and  sharply-cut  form  of  the  hummocked  or  heaped-up  fields  disappears  and  is  replaced  by  the 
smooth  outlines  of  hills  and  ridges. 

Thus,  with  the  passage  of  time,  the  upper  surface  of  even  those  fields,  which  were  extremely 
hummocked  in  the  beginning,  commence  to  resemble  more  and  more  the  form  of  sand  dunes  or 
"sheep  foreheads"  - geological  forms  created  as  the  result  of  movement  of  glaciers.  Such  forms, 
of  course,  have  their  sloping  side  to  the  south  and  steep  side  to  the  north. 

According  to  S ,■  ior  observations,  we  may  conclude  that  if  the  level  ice  thawed  to  the  extent 
of  50  to  70  cm  from  the  top  during  the  summer  of  1939,  the  hummocks  decreased  in  height  by  2 to 
3 m. 

LITERATURE:  02,  77,  88,  104,  107. 

Section  110.  Snow  Puddles  and  Lakes  on  Top  of  Ice 

Simultaneously  w ith  the  settling  of  the  hummocks  and  snow  on  the  Ice  surface,  the  first  dark 
patches  appear  in  the  low  places  of  the  ice  fields.  These  dark  patches,  consisting  of  snow  saturated 
with  water,  are  the  initial  forms  of  the  snow  puddles  and  over-ice  ponds  and  lakes  which  are  formed 
by  thaw  water  flowing  off  into  these  low  places  from  the  surface  of  the  nearby  hummocks.** 


♦The  falling  apart  into  individual  crystals  in  the  thawing  process  is  particularly  characteristic 
of  ntlas  ice  (frozen  sludge),  which  has  not  been  subjected  to  hummocking.  Ice  which  has  undergone 
hummocking  formation  during  its  period  of  existence  usually  maintains  the  form  of  hard  ice  globules 
right  to  its  final  disappearance. 

**In  the  majority  of  cases  the  ice  fields  consist  of  ice  floes  frozen  together.  These  ice  floes, 
due  to  their  continual  bumpings  and  rotations,  usually  have  a rounded  form  and  are  Itordered  with 
small  hummocks.  For  this  reason,  the  low  spots  on  the  ice  fields  are  the  central  parts  of  the  ice 
floes  which  have  fused  to  form  a field. 
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Once  having  formed,  these  snow  puddles  usually  continue  to  increase  steadily  In  size  during 
the  polar  summer.  Actually,  In  the  case  of  chance  freezes,  the  protective  action  of  the  ice  rind 
keeps  the  water  from  freezing. 

The  following  observations  testify  to  the  importance  of  the  role  of  such  a protective  ice  rind 
in  maintaining  the  high  temperature  of  the  water. 

During  the  expedition  on  the  Sadko,  on  30  August  1935,  a water  temperature  of  0.25°  was 
observed  in  a water  puddle  on  the  light  blue  ice,  the  water  being  covered  by  an  ice  rind  10  cm  thick. 
The  highest  water  temperature  observed  in  the  puddles  under  the  protective  rind  was  1.2”. 

On  29  August  1939,  according  to  observations  of  the  Sedov  a snow  puddle  was  covered  by  a 
surface  layer  of  ice  4 cm  thick,  separated  from  the  lower  7. 5 cm  ice  layer  by  a layer  of  very 
watery  flaked  ice  (kasha)  2 cm  in  thickness.  Under  this  entire  ice  layer  the  water  temperature  was 
0.2°. 


Inasmuch  as  the  water  temperature  in  the  puddles  on  the  ice  gradually  rises,  and  since  the 
water  is  constantly  shifted  by  winds  and  other  factors,  with  the  passage  of  time  the  accumulation  of 
water  in  the  ponds  is  caused  not  only  by  the  melting  of  snow  on  the  ice  surface,  but  also  on  account 
of  the  melting  of  the  Ice  layers  which  are  in  direct  contact  with  the  water  in  the  pond. 

At  first,  each  individual  water  basin  on  the  ice  contains  its  own  water  and  is  isolated  from  the 
neighboring  ponds  and  from  the  sea  underneath  the  ice.  Actually,  some  of  the  snow  water  runs  off 
in  the  beginning  into  the  cracks  which  are  present  in  the  sea  ice.  But  upon  meeting  the  ice  layers 
whose  temperature  at  this  time  is  still  considerably  under  the  freezing  point,  this  water  freezes, 
stops  up  the  cracks,  and  thus  prevents  the  main  body  of  water  from  running  off  under  the  ice. 

Thus  the  first  melting  of  snow  on  the  ice  cover  brings  out  the  appearance  of  fresh  water 
basins  on  the  ice,  and  these  gradually  increase  in  size  and  join  one  to  another,  so  that  by  the  end  of 
this  process  the  surface  of  the  melting  ice,  when  seen  from  a distance,  has  the  appearance  of  a sea 
which  is  covered  with  small  broken  ice  (figure  108). 

Rising  over  the  water,  whose  depth  reaches  one  meter  and  over  in  certain  parts  of  the  south- 
ern regions  of  the  Arctic  Basin,  there  may  be  seen  only  the  tops  of  hummocks,  stamukhi,  and 
chunks  of  many-year-old  ice.  * 

When  the  ice  is  thus  covered  with  thaw  water  puddles  its  resemblance  to  the  open  sea  is  still 
greater  during  a wind  when  the  water  surface  is  covered  with  ripples  and  small  waves. 

This  phenomenon  is  especially  typical  of  the  pripai  (fast  shore  ice)  along  the  arctic  coast  and 
the  islands,  but  it  also  takes  place  on  the  ice  of  the  Arctic  Basin.  Thus,  according  to  observations 
of  the  Sedov  on  20  July  1939,  all  the  snow  disappeared  from  the  surface  of  the  ice,  and  within  the 
range  of  visibility  from  the  bridge  it  was  possible  to  estimate  that  40  per  cent  of  the  ice  surface  was 
covered  with  snow  puddles. 


‘The  Soviet  In  1932  and  the  Krasin  in  1935,  in  the  Chukotsk  Sea  observed  many-year-old 
ice  with  height  of  4 to  5 m over  the  water  and  depth  of  10  to  12  m.  The  fresh  water  puddles  on  this 
ice  were  as  much  as  6 m deep.  On  the  ice  field  of  the  "North  Pole"  station,  the  dimensions  of  the 
largest  puddle  were:  length  400  m,  width  200  m,  depth  2.  4 m. 
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Figure  108.  Snow  puddles. 


Naturally,  all  the  foreign  matter  in  the  snow  and  ice  is  gradually  washed  off  into  the  deepest 
parts  of  each  individual  water  puddle.  Organic  life  also  accumulates  and  develops  in  these  hollows. 
Due  to  the  dark  color  of  these  accumulations,  the  absorption  of  heat  is  here  intensified.  These  deep 
places  gradually  begin  to  grow  in  a vertical  direction  and  when  the  ice  temperature  has  risen  suf- 
ficiently so  that  the  fresh  water  does  not  freeze  in  the  cracks,  the  bottom  of  the  hollow  finally 
reaches  the  sea  water.  Then  the  whole  mass  of  snow  water  flows  off  precipitously  under  the  ice, 
forming  torrents  and  whirlpools  as  it  goes.  In  one  or  two  days  the  surface  of  the  ice  appears  to  be- 
come dry  and  come  out  from  under  the  water.  There  remain  on  the  ice  surface  only  a few  isolated 
water  puddles,  some  above  the  sea  level,  (no  through  channels  are  present,  hence  the  water  is 
fresh),  and  some  at  sea  level  (through  channels  are  present,  water  is  saline). 

The  surface  of  the  ice,  which  was  levelled  off  at  the  start  of  thawing  by  the  packing  of  the 
snow  hills,  presents  an  extremely  irregular  form  after  the  flowing  off  of  over-ice  water.  It  is 
pitted  with  hollows  and  has  a curvature  typical  of  the  washing  process.  After  the  ice  dries,  cracks 
often  appear  and  the  central  parts  of  the  ice  under  the  water  puddles — the  thinnest  parts — break 
apart  and  float  off. 


The  appearance  of  surface  water  and  its  subsequent  running  off  occurs  most  intensively  in 
littoral  ice.  Here  the  melting  begins  earliest  due  to  the  dark  surface  of  the  shore  and  the  dirtying 
of  the  coastal  ice.  The  water  formed  from  the  snow  cover  on  the  ice  unites  with  the  water  of  the 
coastal  flow.  As  a result  there  are  formed  the  "coastal  fringes  of  water"  ( z'lberegi ) which  attain 
a width  of  5 km  in  certain  shallow  regions,  for  example,  along  the  Lyakhovski  Islands.  With  pas- 
sage of  time,  the  ice  under  the  coastal  water  fringe  is  more  and  more  washed  away  and  the  coastal 
fringe  becomes  a "thorough  coastal  water  fringe.  " This  in  turn,  is  transformed  into  a "coastal 
polynya.  " 


Under  arctic  conditions  such  a coastal  polynya  may  last  the  whole  summer  until  freezing 
commences  In  spite  of  the  large  amount  of  ice  in  the  sea.  If  the  water  Is  shallow  and  with  strong 
wind  pressure  from  the  sea,  huge  Ice  blocks  (•:  sink)  which  sit  deep  in  the  water  and  stay  close  to 
the  shallows  check  the  pressure  of  the  sea  Ice  on  the  shore.  I.ittoral  islands  perform  the  same 
function.  Thus,  navigation  becomes  a possibility  in  certain  regions  for  shallow-draft  boats  close  to 
the  shore. 

After  the  fresh  water  flows  off  under  the  ice  and  the  ice  dries  due  to  its  rising  above  sea 
level  the  thawing  process  goes  on,  as  before,  in  most  Intensive  fashion.  This  is  especially  true  of 
the  edges  of  ice  which  are  adjacent  to  ponds  of  fresh  and  salt  water  and  on  the  southern  slopes  of  the 
individual  heaped-up  accumulations. 

In  the  water  puddles  on  the  ice,  where  the  Intensive  accumulation  of  solar  heat  occurs,  the 
melting  of  ice  or  contact  with  the  warmer  water  is  hastened  by  its  continuous  movement.  Water 
movements  are  caused  partly  by  the  wind,  partly  by  unequal  heating  and  cooling. 

Burke  remarks  that  the  characteristic  peculiarity  of  melting  of  flat  type  floes  (suoronj, 
consisting  of  compressed  and  frozen  together  grated  ice  and  finely  broken  ice,  is  their  rapid  break- 
ing apart  into  separate  pieces.  Due  to  this,  formation  of  snow  puddles  does  not  occur  on  ice  fields 
of  flat  type  floes.  The  water  oozes  through  the  thickness  of  the  flat  type  floes  and  runs  off  under 
them.  The  entire  floe  becomes  very  rotten,  although  not  watery,  and  is  easily  cracked  through  by 
a ship. 

I.ITERATmE:  3,  11,  23,  62,  77,  88,  101. 

Section  111.  Circulation  of  Water  Caused  by  Ice 

In  order  to  represent  more  clearly  the  movement  in  the  water  adjacent  to  and  touching  the 
melting  ice,  let  us  suppose  that  an  individual  floe  is  floating  in  the  sea.  The  sea  water  directly 
adjacent  to  the  ice  is  slightly  cooled  and  freshened  (made  less  saline)  by  mixing  with  the  thaw  water. 
In  the  process  of  cooling  and  becoming  less  saline  the  water  density  either  decreases  or  increases, 
depending  on  its  salinity. 


Figure  109.  Circulation  set  up  in  water  in  contact  with  ice. 

As  a result  of  the  change  in  density  of  the  water  directly  adjacent  to  the  ice  a circulation  is 
always  set  up,  as  has  been  corroborated  by  the  experiments  of  Petterson  and  Sandstrom.  This  is 
indicated  by  arrows  in  figure  109.  Thus,  every  ice  chunk  floating  in  the  water  acts  as  a sort  of 
automatic  pump  which  pulls  to  the  ice  chunk  constantly  changing  water  masses  and  thus,  by  this 
very  act  hastens  the  melting  process.  As  a result,  of  this  process  ’’cornices"  are  formed  above 
the  waterline  of  every  ice  floe.  These  gradually  break  off  and  fall  into  the  water. 
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Along  with  the  thermal  influence  of  winds  on  the  water,  there  is  felt  a mechanical  effect  which 
results  from  the  influence  of  wind,  waves  and  current.  The  wave  movement  washes  away  the  edges 
of  the  water  puddles  while  the  current  hastens  the  circulation  and  drives  the  individual  ice  chunks 
from  place  to  place,  bumping  them  against  each  other.  The  circulation  which  is  set  up  by  the  wind 
in  polynyas  and  puddles,  where  ice  of  various  sizes  and  shapes  is  floating,  may  sometimes  be  ex- 
tremely complex.  1 have  often  observed  how,  when  the  wind  springs  up  in  certain  polynyas.  the 
first  to  start  to  move  with  the  wind  are  the  small  ice  floes  having  little  inortia.  Then,  when  the 
larger  ice  floes  have  started  to  move  with  the  wind,  the  small  floes  start  to  be  carried  against  the 
wind  by  the  compensating  current.  This  phenomenon  continues  until  all  the  floes  in  the  given 
jx)lynya  are  drive  towards  its  leeward  edge . 

LITERATURE:  62.  171. 

Section  112.  Second  Phase  of  Weakening  of  Ice 

The  melting  of  ice  is  particularly  increased  when  the  air  temperature,  rising  gradually,  goes 
above  0 . Then  an  increased  absorption  by  the  ice  of  atmospheric  heat  commences.  This  heat  may 
be  either  from  heat  of  advection  (carried  hither  from  other  regions  of  the  sea  or  dry  land),  or  local. 
Erom  the  very  beginning  of  formation  of  water  hollows  on  the  ice.  the  sun's  heat  is  expended  par- 
tially on  heating  of  the  snow-water  hollows  and  partially  on  evaporation.  The  air.  which  is  satura- 
ted with  moisture  in  the  evaporation  process,  is  carried  over  the  comparatively  cold  surface  of  the 
ice.  thus  freeing  the  heat  of  condensation  and  causing  the  formation  of  fog  and  condensation  of 
moisture  on  the  surface  of  the  snow.  The  snow  is  reduced  and  "eaten  away"  in  this  process.  It 
is  obvious  that  this  process  is  stronger  when  the  water  area  is  large  in  comparison  with  the  surface 
area  of  ice. 


From  this  there  clearly  appears  one  more  characteristic  peculiarity  of  melting  of  the  ice 

cover. 

The  first  to  start  the  thawing  process  is  the  "winter  snow"  which  covers  the  ice.  and  the  re- 
sulting thaw  water  flows  away  into  the  snow  puddles.  After  this  process  the  ice  surface  is  free  of 
snow.  However,  this  phase  lasts  only  a short  time  while  the  low  winter  temperatures  are  retained 
in  the  surface  layers  of  the  ice.  With  passage  of  times,  due  to  penetration  of  the  ice  by  solar 
radiation,  the  surface  layer  of  ice  starts  to  be  destroyed  and  is  changed  first  into  porous  ice  and 
then  into  granular  ice  not  very  different  in  appearance  from  decomposing  snow.  According  to  the 
observations  made  by  Gordienko  on  the  ice  of  the  Chuckchee  Sea  the  average  thickness  of  "snow" 
formed  from  the  ice  varies  from  10  to  15  cm.  This  "summer  snow"  is  continually  destroyed  from 
above  by  melting  while  its  thickness  is  constantly  increased  from  below  on  account  of  the  penetra- 
tion of  atmospheric  heat  into  the  ice-  Thus  the  thickness  of  the  snow  cover  which  is  formed  from 
the  ice  as  a result  of  melting  remains  more  or  less  constant  for  each  region. 

Along  with  thawing  of  the  snow  a strong  dosalinification  or  softening  proeess  of  the  higher 
parts  of  the  ice  floes  occurs.  The  fresh  snow-water  flowing  off  through  the  ice  capillaries  at  first 
freezes  and  thus  blocks  off  the  exits,  but  at  the  same  lime  due  to  expansion  on  freezing,  it  causes 
formation  of  cracks  in  the  adjacent  parts  of  the  ice.  With  the  later  rise  in  temperature  the  freezing 
of  thaw  water  in  the  cracks  ceases,  and  this  thaw  water  commences  to  wash  away  very  thoroughly 
the  brine  from  the  salt  cells  of  the  ice.  Thus,  a softening  of  all  parts  of  the  sea  ice  which  lie  above 
the  water  is  gradually  accomplished. 

As  has  already  been  shown,  the  melting  process  begins  first  on  the  more  soiled  parts  of  the 
ice.  In  addition,  the  more  saline  the  ice  the  greater  its  ability  to  absorb  solar  heat.  We  have 
noted  that  as  a general  rule  the  ice  near  the  thermal  and  dynamic  cracks  (which  are  formed  at  low 
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air  temperatures  after  formation  of  the  solid  ice  cover)  has  the  greatest  salinity,  ft  is  natural  that 
the  ice  in  these  cracks  is  weakest  and  is  the  first  to  melt.  In  this  manner  the  dynamic  and  thermal 
cracks  which  form  during  the  winter  become  the  natural  lines  of  cleavage  of  the  ice  in  the  spring. 

In  relation  to  the  cleavage,  the  drain  holes  also  are  an  important  factor.  Actually,  the  bottom 
of  the  thaw  water  puddles  gradually  becomes  covered  with  such  a large  number  of  drain  holes*  that 
the  ice  becomes  like  a kitchen  skimming  spoon. 

LITERATURE:  62,  77,  88. 


Section  113.  Influence  of  Micro-Organisms  and  Inorganic 
Inclusions  on  Destruction  of  Sea  Ice 

Both  on  the  surface  and  within  the  ice  there  accumulate  during  the  course  of  the  winter  all 
sorts  of  nutritive  matter  which  is  freed  during  melting  and  thus  ''fertilizes"  the  surrounding  water. 

In  the  first  place,  along  with  precipitation  which  falls  onto  the  ice  surface,  compounds  of 
nitrogen,  phosphorous  and  silica  are  concentrated.  With  the  subsequent  evaporation  of  the  snow  and 
ice  this  material  may  remain  on  the  ice  surface  and  thus  gradually  be  further  concentrated. 

Secondly,  the  accumulation  of  nutritive  matter  in  the  ice  itself  is  explained  by  the  peculiarities 
of  the  process  of  ice  formation  in  the  sea.  We  have  seen  that  with  sufficient  cooling  and  mixing  the 
initial  colloidal  ice  particles  are  produced  throughout  the  entire  thickness  of  the  layer  involved  in 
the  vertical  circulation.  It  is  possible  that  these  initial  formations  are  produced  around  the  minute 
particles  of  organic  matter  suspended  in  the  sea  water  and  around  the  turbidity  of  continental  origin 
which  is  found  even  in  those  regions  which  are  most  remote  from  the  continents. 

The  lumps  of  deep  ice  which  are  formed  as  a result  of  freezing  together  of  the  individual  col- 
loidal Ice  particles,  after  their  size  has  increased  to  a certain  limit,  float  up  and  bring  with  them  to 
the  surface  the  particles  of  organic  matter  and  turbidity  (muddiness)  which  later  gradually  freeze 
into  the  surface  of  the  ice.  This  phenomenon  acquires  special  significance,  of  course,  in  those 
cases  where  the  mixing  process  reaches  the  very  bottom — i.  e.  , primarily  in  shallow  regions. 

The  formation  of  deep  ice  in  small  fresh-water  puddles,  as  we  have  seen,  ceases  with  the 
formation  of  the  solid  ice  cover.  In  the  sea,  however,  this  process  actually  continues  throughout 
the  water.  In  this  manner  the  sea  ice  sucks  in  the  nutritive  matter  from  the  atmosphere  on  the  one 
hand,  and  on  the  other,  the  turbidity  and  organic  matter  from  the  entire  water  layer  which  is 
involved  in  the  mixing  process. 

Along  with  the  dissolved  nutritive  matter  and  organic  matter,  all  sorts  of  planktonic  organ- 
isms and  bacteria  are  frozen  into  the  ice.  Certain  of  these  die  under  the  influence  of  the  low 
temperatures  but  some  few  forms  (primarily  bacteria  and  spores  which  can  withstand  very  low- 
temperature)  survive  and  begin  to  develop  intensively  with  the  start  of  the  thawing.  These 
organisms  give  rise  to  life  both  on  the  ice  itself  and  in  the  water  which  results  from  the  melting 
of  the  ice. 


•The  swinging  or  rocking  movement  of  the  ice  is  an  important  factor  in  increasing  the  size  of 
drain  holes.  All  of  these  are  round  in  shape,  which  appears  to  be  a result  of  their  being  washed 
by  the  thaw  water. 
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Duktevich  shows  in  the  bacteriological  research  in  the  Greenland,  Barents  and  Kara  Seas  that 
the  greatest  quantity  of  bacteria  was  found  first  In  the  regions  of  the  contact  of  water  masses  of 
different  physico-chemical  character,  and  secondly,  in  regions  of  melting  ice.  The  first  is  ex- 
plained by  the  fact  that  the  mixing  of  different  waters  creates  unfavorable  conditions  for  the  plankton 
organisms  which  are  typical  of  each  separate  water  mass.  The  plankton  thus  partially  die  off  and 
are  thereby  transformed  from  consumers  of  bacteria  into  material  for  feeding  the  bacteria.  The 
second  is  explained  by  the  accumulation  of  bacteria  in  the  Ice,  as  described  above.  This  is  best 
demonstrated  by  the  following  figures: 

According  to  Buktevich,  during  the  expedition  of  the  Sad  ho  in  1935,  In  one  of  the  summer 
water  puddles  on  the  ice  then'  were  found  60,000  bacteria  in  1 cc  of  water,  while  the  maximum 
quantity  of  bacteria  found  in  the  waters  of  the  Greenland,  Barents  and  Kara  Seas  did  not  exceed 
27, 000  in  1 cc. 

As  has  already  been  noted,  a part  of  the  dissolved  nutritive  material  and  organic  matter  is 
exuded  back  into  the  water  together  with  the  brine,  but  the  larger  inclusions  remain  in  the  ice  and 
finally  appear  on  its  surface.  Actually,  as  we  have  seen,  the  ice  is  formed  from  beneath,  melts  and 
is  destroyed  from  the  sides  and  top.  It  is  estimated  that  in  the  Arctic  Basin  approximately  the  same 
quantity  of  ice  accumulates  by  freezing  from  beneath.  Thus,  every  particle  frozen  into  the  ice  from 
below  will  appear  on  the  surface  in  two  to  three  years. 

In  the  spring  when  the  small  puddles  of  thaw  water  are  formed  on  the  ice  fields,  the  micro- 
organisms and  in  particular  the  plant  life  which  have  retained  their  vitality  during  their  stay  in  the 
ice  find  unusually  favorable  conditions  for  their  development  in  these  small  lakes — an  abundance  of 
light  and  an  abundance  of  nutritive  matter. 

According  to  Palibin,  little  is  yet  known  concerning  the  biology  of  this  group  of  organisms. 
They  are  usually  differentiated  by  the  color  which  they  impart  to  the  snow  or  ice.  The  usual  color 
of  fresh-water  or  sea-ice  organisms  is  yellow  or  dark  yellow.  This  is  explained  by  the  large 
quantity  of  fat  in  the  cellular  content,  facilitating  the  absorption  of  solar  energy  in  the  summer  and 
somewhat  protecting  the  organism  from  cold  in  the  winter.  In  addition  to  yellow,  there  are  also 
found  green,  red,  and  even  black  colors,  due  to  the  presence  of  various  pigments  in  the  cellular 
content  of  the  organisms’  protoplasm. 

Thus,  for  example,  the  alga  Sph  rcl  i i n i :•  il  is  causes  a reddish  tint  in  the  snow  in  the 
second  half  of  the  summer,  while  the  alga  Rasp1:  idenona  navale  causes  a greenish  tint. 

Besides  the  forms  which  exist  in  the  ice,  certain  micro-organisms  which  are  peculiar  to  sea 
ice  develop  during  the  summer  in  the  ice  itself  and  around  it,  and  form  communities.  These  are 
called  "ice  plankton”  or  "cryoplankton".  Most  important  of  the  growing  and  living  organisms  is  the 
group  of  ice  diatoms  of  rounded  or  rhomboidal  shape,  very  distinct  from  the  usual  forms  of  the 
open  sea. 

Diatoms  as  a rule  are  not  found  in  a living  condition  on  the  ice  surface,  and  the  reddish-brown 
ice  conditioned  by  the  diatom  colonies  may  be  seen  only  at  a certain  depth  (about  a meter)  on  the 
bottoms  of  puddles  which  have  formed  on  large  floes,  in  cracks  of  the  ice,  and  on  the  underwater 
projections  of  occasional  floes. 

Nansen  notes  that  in  the  Arctic  Ocean,  when  puddles  of  thaw  water  are  formed  on  the  ice  sur- 
face under  the  influence  of  the  sun’s  rays,  dark  patches  appear  on  their  bottoms.  These  patches 
consist  of  algne,  mainly  diatoms. 
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Nansen  and  Cram,  having  cultivated  the  sea  collections  of  the  Fram  noted  in  addition  to  the 
diatoms  the  presence  of  infusoria  and  dilates  which  feed  on  plant  forms.  Bacteria  were  also  found. 

Palibin,  describing  his  observations  on  the  Erma  k in  1901,  shows  that  the  ice  forms  of  dia- 
toms found  in  the  lower  strata  on  the  sea  ice,  completely  support  the  opinion  that  the  diatoms  rise 
from  the  sea  water  and  freeze  into  the  lower  surface  of  the  ice.  According  to  Palibin  and  Nansen, 
live  diatoms  are  found  only  at  a certain  depth  from  the  ice  surface.  However,  Nansen  considered 
that  the  diatoms  were  suspended  on  the  border  between  the  fresh  and  salt  water.  Palibin  supposes 
that  the  most  favorable  medium  for  development  of  diatom  forms  is  sea  water  of  low  salinity. 

The  yellowish-brown  accumulations  of  diatoms,  which  represent  small  clumps  of  a slimy 
mass,  absorb  the  solar  heat  and  melt  away  a hollow  underneath  themselves  the  width  of  which  is 
usually  two  or  three  times  greater  than  the  width  of  the  diatoms.  There  is  no  doubt  that  along  with 
the  direct  absorption  of  solar  heat,  the  heating  of  the  ice  is  caused  also  to  a definite  (although  small) 
degree  by  the  carrying  on  of  life  processes  in  the  accumulations  of  organisms,  these  processes 
always  being  connected  with  output  of  a certain  quantity  of  heat. 

Gradually  sinking  lower  and  lower  during  the  course  of  the  summer,  through  the  holes  which 
they  themselves  are  melting  away,  the  diatoms  are  finally  mixed  with  the  seawater. 

It  should  be  noted  that  after  formation  of  the  first  water  puddles  on  the  large  ice  fields  and 
after  the  appearance  of  the  first  deposits  of  diatom  slime,  development  continues  during  the  entire 
polar  summer. 

The  accumulation  of  diatoms  on  the  ice  sometimes  reaches  such  proportions  that  the  ice 
appears  dirty  over  a large  expanse  of  area  and  appears  perforated  in  all  directions. 

During  the  expedition  of  the  Sad'ho  in  1935  the  greatest  accumulations  of  diatoms  in  the  north- 
western part  of  Barents  Sea  were  observed  in  the  region  beyond  80°  north  between  Franz  Joseph 
band  and  Spltzbergen.  Estimating  by  eye,  at  least  20  per  cent  of  the  entire  ice  area  was  covered 
with  a reddish-brown  deposit.  Certain  ice  floes  were  so  dirtied  that  one  got  the  impression  that 
they  were  formed  right  by  the  shore.  Between  Franz  Joseph  Land  and  Severnaya  Zemlya  the  ice 
was  much  whiter  and  cleaner.  This  was  explained  by  the  fact  that  in  the  first  region  clear  weather 
prevailed  during  our  voyage,  and  in  the  second,  cloudy  weather.  Clear  weather,  as  we  shall  see 
later  in  Section  115,  creates  the  appearance  of  cleanness  of  the  ice;  cloudy  weather  gives  the  appear- 
ance of  dirtiness.  In  any  case,  in  both  regions  the  entire  lower  part  of  the  ice,  revealed  when  the 
icebreaker  turned  the  floes  over,  was  brown  in  color  and  the  podsovy  (shoved-under  floes)  and  rams 
(under-ice  projections)  of  certain  of  the  ice  chunks  were  dotted  with  accumulations  of  diatoms. 

There  is  thus  no  doubt,  as  Palibin  has  expressed  it,  that  the  micro-organisms  play  a large  role  in 
the  summer  destruction  of  polar  ice. 

It  is  obvious  that  quantitative  calculation  of  the  influence  of  micro-organisms  and  inorganic 
Inclusions  (dirtiness  of  the  ice)  on  the  hastening  of  melting  is  extremely  difficult.  Therefore  the 
observations  of  Shestipyorov,  made  in  the  spring  of  1937  on  Cape  Schmidt  in  the  Chuckchee  Sea,  are 
of  great  interest.  On  20  May  areas  of  1 square  m of  ice  and  1 square  m of  snow  were  strewn  with 
cinders  and  coloring  matter  in  a thin  layer.  This  decreased  the  albedo  (light  reflecting  factor)  to 
less  than  half  and  as  a result  the  soiled  ice  by  8 July  had  melted  173  cm,  the  clean  ice  only  120  cm. 
The  soiled  snow  had  melted  48  cm  by  6 June  while  the  clean  snow  melted  only  19  cm. 

The  hastening  of  melting  of  ice  by  dirtying  its  upper  surface  is  employed  in  practice,  in 
particular  for  freeing  of  vessels  which  have  passed  the  winter  in  the  ice.  For  this  purpose  a path 
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or  road  of  gravel  or  cinder  is  strewn  on  the  ice  in  the  early  spring  between  the  ship  and  the  open 
water.  A rather  considerable  interval  of  time  is  required  for  the  subsequent  effect.  IXiring  the 
German  Antarctic  Expedition  of  the  ship  . (1901  to  1903),  a strip  of  rubbish  10  m wide  was 

scattered  along  the  bow  of  the  ship  in  order  to  facilitate  the  freeing  of  the  vessel.  IXiring  January 
a furrow  formed  under  the  layer  of  rubbish  and  the  ice  cracked  along  this  furrow  on  9 February  and 
the  ship  was  able  to  reach  the  open  water. 

LITERATURE:  24,  02,  107,  111. 


Section  114.  Breaking  of  Ice  During  Melting 

The  basic  process  which  promotes  the  final  destruction  of  the  ice  cover  is  the  breaking  of  the  ice 
fields  and  fast  ice  into  smaller  and  smaller  parts. 

As  we  have  seen  in  the  preceding  chapter,  ice  is  broken  apart  by  the  wind,  the  currents  and 
the  waves  at  any  time  of  the  year  but  in  the  spring,  when  the  ice  is  weakened  by  thawing;  the  frac- 
ture of  ice  requires  less  force  and  occurs  with  certain  peculiarities.  These  peculiarities  stem  from 
the  fact  that  the  small  chunks  and  grated  ice,  which  are  always  formed  in  greater  or  lesser  quantity 
during  the  breaking  of  the  ice,  melt  very  quickly  and  expanses  of  open  water  appear  between  the 
floes,  thus  giving  the  individual  floes  a certain  freedom  of  movement. 

Whatever  the  causes  for  the  breaking  up  of  the  field  into  separate  parts,  it  is  natural  that  the 
outer  contours  of  these  parts  will  be  accidental  (random)  and  will  have  comparatively  sharp  angles. 

Various  forces  will  react  in  various  ways  on  the  broken-off  parts.  If  the  ice  field,  before  the 
fracture,  was  moving  with  a certain  speed  and  in  a certain  direction  under  the  influence  of  current 
or  winds,  then  the  broken  parts  of  this  field,  of  various  sizes  and  shapes,  will  move  with  various 
speeds  and  in  various  directions.  Under  the  influence  of  the  wind,  for  example,  certain  floes  may 
begin  to  turn  about  in  such  a way  that  the  wind  pressure  on  the  floe  balances  the  resistance  of  the 
water  and  the  coriolis  force.  Due  to  inertia,  large  ice  floes  start  their  movements  by  wind  influ- 
ence somewhat  later  and  due  to  resistance  of  the  water  move  slower  than  the  small  floes.  Under  the 
influence  of  ebb  and  flood  tides,  the  individual  parts  of  the  broken-up  ice  field  will  sometimes  press 
together,  sometimes  move  apart,  and  so  forth. 

Thus  immediately  after  the  break-up  of  the  ice  field  there  are  created  the  rotating  and  ad- 
vancing movements  of  separate  parts  with  various  speeds  and  directions.  These  movements 
acquire  particular  importance  in  the  case  of  comparatively  open  ice  where  they  inevitably  result  in 
collisions.  The  first  consequences  of  this  are  the  rubbing  off  and  breaking  away  of  the  more 
projecting  and  sharper  corners  of  the  floes.  Just  as  shaip  rocks  and  stones  are  rounded  into  small 
boulders  and  rounded  pebbles  by  surf  action  rubbing  them  against  each  other,  the  movement  of  the 
floes  and  the  collisions  and  rubbing  one  against  the  other  give  the  individual  floes  an  oval  or  rounded 
shape. 

Another  result  of  the  movement  and  subsequent  colliding  is  the  thickening  of  the  edges  of  the 
ice  fields  and  the  floes.  In  the  collisions  the  sharp  corners  of  the  ice  fields  are  partly  broken-off 
and  ground  into  small  chunks  and  grated  ice,  partly  driven  down  under  the  edges,  and  partly  thrown 
up  onto  the  edges  of  the  colliding  floes.  In  both  cases  the  thickness  of  the  edges  of  the  floes  is 
gradually  increased.  Similar  processes,  as  we  have  seen,  bring  about  the  formation  of  small  walls 
(raised  rims)  on  the  disks  of  pancake-type  ice. 
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The  pilots  who  made  the  flights  between  the  Soloretskie  Islands  and  Archangel  have  informed 
me  that  during  the  flight  of  10  April  1942,  after  a heavy  three-day  thaw,  they  saw  for  the  first  time 
during  the  winter,  in  the  straits  between  Muksalma  Island  and  Letnaya  Zolotitsa  River,  ice  floes  of 
rounded  shape  with  small  walls  (rims)  of  grated  ice  on  the  edges. 

Somov  noted  three  phenomena  very  typical  of  melting  ice  during  the  air  reconnaissance  of 
21  May  1942  in  the  neck  of  the  White  Sea: 

1.  Almost  complete  absence  of  hummocks  on  the  ice  fields,  although  they  were  noted  in 
previous  reconnaissances.  This  observation  of  Somov,  like  other  observations,  confirms  the  fact 
that  the  hummocks  are  first  to  be  destroyed  in  the  spring  season. 

2.  Decrease  in  area  occupied  by  the  ice  fields  and  increase  in  number  of  small  and  large 
floes  while  the  same  percentage  of  ice  is  maintained,  demonstrating  the  continual  breaking  of  ice 
fields  in  the  spring  season. 

3.  Obvious  predominance  of  four  or  five  sizes  of  floes  which  has  still  not  been  explained.  In 
this  connection  we  may  recall  the  suprising  uniformity  in  shape  and  size  of  pancake-type  ice. 

If  the  ice  is  sufficiently  open  or  scattered,  particularly  in  the  summer,  along  with  the 
rounding  of  contours  and  thickening  of  edges  after  the  breakup,  it  acquires  a very  characteristic 
shape  due  to  the  washing  action  of  the  waves.  A hollow  is  formed  along  the  water  line  in  a complete 
girdle  around  the  floe.  Over  this  there  is  a comparatively  small  cornice  which  often  breaks  off  and 
underneath  it  the  subsurface  ram  (taran)  juts  out.  Such  rams  on  large  ice  blocks  (nesiak)  present  a 
considerable  danger  for  ships. 


Figure  1 10.  Destruction  by  waves  of  an  ice  block  (nesiak)  according  to  Burke. 


Figure  110  shows  the  destruction  of  a separately  floating  ice  block  (neslak)  by  waves 
according  to  Burke.  When  the  cornice  (shown  on  the  figure  by  a dotted  line)  fell  off,  the  original 
water  line  (also  shown  by  dotted  line)  became  inclined  and  a ram  was  formed  on  the  ice  block. 


In  regard  to  the  break-up  of  fast  ice,  it  is  obvious  that  in  spring  and  summer,  when  the  fast 
ice  has  been  weakened  by  the  action  of  solar  radiation  and  heat  from  the  atmosphere,  the  breaking 
requires  the  application  of  less  force  than  in  the  winter. 

The  break-up  of  fast  ice  in  narrow  straits,  for  example  the  straits  of  Matochkin  Shar  and 
Yugorski  Shar,  is  extremely  characteristic.  The  formation  of  ice  here,  like  everywhere  else, 
begins  from  the  shores  and  gradually  extends  to  the  middle  of  the  straits.  The  center  part  of  the 
straits  with  its  rapid  current  usually  does  not  freeze  for  a long  time,  even  with  low  air  tempera- 
tures, since  the  ice  particles  which  form  on  the  surface  of  the  open  part  of  the  straits  are  carried 
down  under  the  ice  already  formed  near  the  shores  by  the  action  of  the  turbulent  currents,  and  they 
then  adhere  to  the  lower  surface  of  this  ice.  As  a result,  in  the  spring  the  ice  is  thinnest  and 
breaks  up  earliest  in  the  central  part  of  the  straits.  On  the  other  hand,  we  have  seen  that  melting 
also  goes  on  comparatively  rapidly  by  the  shores.  Thus,  after  the  break-up,  the  ice  cover  of  the 
straits  naturally  falls  apart  into  two  strips  parallel  to  the  straits'  axis. 


TABLE  87.  CHANGE  IN  ICE  THICKNESS  AT  KHABAROV  (YUGORSKI  SHAR)  IN  1935 


Date 

Thickness  of 

ice  in  cm 

Temperature  of  air  in  °C 

Temperature  of 
water  under  the 

ice  in  °C 

Ave  rage 

Maximum 

Hole  #1 

Hole  #2 

9 June 

140 

100 

-0.4 

0.1 

-1.5 

12  June 

160 

130 

0.4 

3.4 

-0.7 

14  June 

160 

100 

0.3 

1.5 

0. 1 

17  June 

160 

78 

0.6 

5.6 

0.2 

20  June 

148 

63 

7.2 

11.5 

0.4 

23  June 

132 

45 

1.4 

5.0 

0.4 

25  June 

123 

33 

2.2 

3.3 

0.5 

27  June 

100 

20 

3.5 

7.1 

0.4 

28  June 

Ice  disintegrated 

0.5 

1.7 

0.6 

Table  87  shows  the  change  in  thickness  of  fast  ice  in  the  period  of  melting  in  Yugorski  Shar  at 
Khabarovo  according  to  observations  of  Danlko  in  1935. 

From  this  table  there  is  evident,  firstly,  the  springtime  accretion  of  ice  at  comparatively 
high  air  temperatures  but  low  water  temperatures,  and  secondly,  the  rapid  decrease  in  ice  thick- 
ness under  the  cumulate  effect  of  water  and  air  temperatures.  Thus,  in  the  space  of  10  days,  from 
18  to  28  June,  the  thickness  of  ice  in  both  holes  decreased  by  60  cm.  In  the  entire  20  day  period 
the  thickness  of  the  140  cm  Ice  decreased  by  40  cm;  the  100  cm  by  80  cm. 

LITERATURE:  23,  62,  77. 
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Section  115.  Radiation  and  Thermal  Effect  of  Ai-  on  the  Ice 

L«t  us  suppose  that  a certain  section  of  the  sea  is  more  or  less  equally  covered  with  ice  which 
is  melting  In  place.  During  the  melting  both  the  vertical  and  horizontal  dimensions  of  the  floes  will 
decrease. 

Let  us  divide  the  melting  of  the  ice  Into  two  processes,  which  we  will  analyze  separately; 

1.  Melting  of  ice  occurring  exclusively  from  above  on  account  of  the  heat  of  the  atmosphere 
and  solar  radiation.  This  is  typical  of  the  large  and  massive  ice  fields  in  the  central  arctic  and.  to 
a certain  degree,  of  fast  ice  before  its  breakup. 

2.  Melting  of  ice  occurring  from  the  sides  and  below  exclusively  on  account  of  the  warmth  of 
the  sea  water  adjacent  to  the  ice  which  is  particularly  significant  for  floating  ice  composed  of  small 
ice  fields  and  floes. 

For  analysis  of  the  first  case  let  us  assume  a level  snow-free  ice  field  and  let  us  apply  for  our 
purpose  the  method  employed  by  Kuzmin  for  calculation  of  melting  of  glaciers  with  certain  alter- 
ations applicable  for  sea  ice. 

Let  us  image  a right  angle  vertical  parallelepiped  with  area  of  horizontal  sections,  s,  and 
height,  h.  If  the  average  temperature  of  the  proposedly  isolated  volume  of  ice,  during  the  period  I', 
changes  from  t ^ to  t then  its  heat  contents  from  the  same  period  changes  by  the  value 

cfi/lS  (/j  / 1),  (1) 


where  C}-  = specific  heat  of  the  ice, 
6-  ■■  density  of  the  ice. 


On  the  other  hand,  this  change  in  heat  content  of  the  proposedly  isolated  volume  of  ice  occurs 
through  its  upper  and  lower  surfaces. 

Thus  the  total  heat  balance  is  equal  to 


Qt  + Q»  + Qt  . 


Ci) 


where 


Qs  balance  of  heat  flow  through  the  upper  surface,  adjacent  to  air, 

= balance  of  heat  flow  through  the  lower  surface,  adjacent  to  sea  water, 
Q i = heat  balance  of  processes  going  on  in  the  given  volume  of  ice. 


Setting  the  terms  (1)  and  (2)  into  an  equation,  we  obtain: 


Q . + <?>+<?.  = cfrhs 


(3) 


Equation  (3)  Is  the  equation  of  the  heat  balance  of  ice  in  a general  form. 


Iii  order  to  simplify  the  further  calculations,  let  us  suppose,  in  the  first  place,  that  during 
the  melting  the  average  temperature  of  the  ice  chunk  does  not  change.  * 

With  such  assumptions  we  obtain 

Qs  + Qi  = 0.  H) 


The  heat  currents  which  penetrate  through  the  upper  surface  of  the  ice  stem  from  two  sources: 
the  radiation  balance,  i*'r  . and  the  heat  exchange  between  the  ice  and  air,  Qa . Therefore  the  first 
member  of  the  equation  (4)  can  lie  represented  in  the  form  of  the  sum 


Q,  = Q,  + Q*. 


where 


Q,  = R + r(\-A)-E, 

= f[w{t  a—  4)1. 


where 

r 


direct  radiation, 
diffused  radiation, 
alebedo  (light  reflecting  factor), 
effective  back  radiation, 
wind  speed, 

difference  in  temperature  of  air  and  ice  surface. 


(5) 


(6) 

(7) 


The  second  member  of  equation  (4)  is  characterized  by  the  processes  of  accumulation  (precip- 
itation and  condensation)  and  the  processes  of  ablation  (melting  and  evaporation)  which  occur  on  the 
ice  surface. 


Evaporation  and  condensation  are  in  actuality  a single  physical  process,  let  us  designate  the 
difference  between  them  by  the  symbol  D , prefixing  the  minus  sign  to  this  value  when  evaporation 
predominates  and  the  body  tiecomes  cooler,  and  the  plus  sign  when  condensation  predominates  ami 
the  iiody  tiecomes  warmer. 

If  the  melting  is  now  considered  for  1 square  cm  of  surface  and  if  the  sum  of  the  heat  is  ex- 
pressed in  small  calories,  we  obtain 


Q,  = dD  — XAS,  +Z±t, 


<*) 


♦This  assumption  is  actually  not  true,  for  although  the  temperature  of  the  lower  surface  of  the 
Ice  is  always  around  the  freezing  point  and  the  temperature  of  the  upper  surface  remains  around  0” 
during  the  melting  period,  the  temperatures  in  the  middle  part  of  the  ice  remain  for  a long  time 
below  the  freezing  (joint  of  salt  water.  This  explains  the  summer  accretion  of  ice  from  beneath  on 
account  of  heat  conduction  as  we  have  already  seen.  Obviously,  when  we  ignore  the  change  of 
temperature  within  the  Ice,  we  also  likewise  ignore  the  Influence  of  this  change  on  the  processes 
which  occur  at  the  lower  surface  of  the  ice. 
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where 


d = heat  of  evaporation, 

K = heat  of  fusion, 
h = height  of  melted  layer  of  ice, 
s = height  in  centimeters  of  layer  of  precipitation, 
it  = difference  in  temperature  of  precipitation  and  temperature  of  ice  surface,  which 
is  considered  positive  if  the  former  is  higher  than  the  latter. 

Substituting  in  equation  (4),  we  obtain 

Qr  + Qa  = dD  + US,  — ZA/ , 0) 


or 

= Qr  + Q'-dD  + zU  (10) 

as, 

As  we  have  already  noted,  since  the  quantity  of  precipitation  in  the  artic  is  small  and  the 
temperature  of  the  precipitation  is  little  different  from  the  temperature  of  the  sea  surface,  the 
effect  of  liquid  precipitation  falling  on  the  surface  of  the  ice  consists  not  so  much  of  a heating  action 
as  of  a decrease  in  the  albedo  of  the  ice.  As  for  the  difference  between  evaporation  and  conden- 
sation, if  it  is  considerable,  then  melting  is  lessened. 

Kuzmin  has  shown  that  in  the  case  of  glaciers,  on  a warm,  dry  and  sunny  day  when  humidity 
is  relatively  low  there  is  less  melting  than  on  a similar  warm  and  sunny  day  with  air  condition 
close  to  saturation. 

Ignoring  precipitation,  Kuzmin  obtains  from  equation  (10): 

Q- + .9* = i,  (in 

dD+US,  dD+US,  ’ 

or 


Kr  + Ka  = 1, 


(12) 


where  A r = coefficient  of  radiational  influence, 

A'fl  = coefficient  of  thermal  influence  of  air. 

Kuzmin  further  shows  that  under  the  most  favorable  conditions  of  atmospheric  transparency 
and  with  cloudless  weather  the  layer  of  ice  which  is  melted  from  radiational  heat  may  amount  to  4 
to  5 cm  a day  on  the  southern  glaciers  of  the  USSR.  If  the  coefficient  of  thermal  influence  of  air  is 
equal  to  .5,  then  the  total  daily  melting  may  reach  8 to  10  cm.  Judging  from  direct  observations, 
this  is  a limiting  value. 

In  cloudy  weather  the  coefficient  of  thermal  influence  of  air  may  very  nearly  approach  unity. 


We  note  that  from  equation  (12)  it  follows  that 


Ka  Qa_ 

K~Qr' 


(13) 


Concerning  the  value  of  this  ratio,  Kuzmin  notes  that  two  surface  conditions  of  glaciers  are 
well  known.  In  the  first  case,  when  warm  and  cloudy  weather  has  set  in,  melting  occurs  in  such  a 
way  that  the  glacier  surface  becomes  smooth  and  at  the  same  time  dirty,  covered  on  top  with 
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accumulations  of  dust  particles  and  deposits  of  moraine  matter.  In  the  second  case,  with  cold  and 
clear  weather  all  the  dark  deposits,  warmed  by  the  sun's  rays,  settle  beneath  and  the  glacier  sur- 
face becomes  snow-white  and  porous.  On  it  appears  ice  globules,  glassy  Ice  surfaces,  ice  needles, 
etc.  and  thus  there  is  formed  a micro-relief  on  the  surface  of  the  glacier.  Apparently  this  micro- 
relief is  formed  only  under  conditions  when  the  coefficient  of  radiational  influence  is  not  less  than 
twice  as  large  as  the  coefficient  way  micro- relief  is  formed  when  the  total  heat  of  radiation  energy 
falling  on  the  glacier  surface  is  at  least  twice  as  large  as  the  positive  heat-exchange  with  the  air. 
The  foregoing  is  also  entirely  applicable  for  sea  ice. 

While  sailing  nearthc  northern  coasts  of  Spitzbergen  and  Franz  Joseph  Land  where  the  weather 
is  continually  cloudy  in  summer,  the  ice  appeared  dark  and  dirty. 

This  phenomenon  explains  the  exceptional  whiteness  and  sparkle  of  the  ice  fields  in  the  early 
spring  in  the  artic  under  conditions  of  very  low  air  temperatures  and  bright  sunny  weather. 

The  above  considerations  show  what  complexities  are  inherent  in  the  process  of  thawing  of  ice 
from  above.  The  matter  is  made  still  more  complex  by  the  fact  that  although  there  are  instruments 
which  permit  of  very  accurate  calculations  of  radiational  balance  for  any  point  on  the  earth's  surface, 
there  are  very  few  actual  observations  even  at  the  polar  stations  and  for  ice  far  away  from  the 
coasts  there  are  no  observations  at  all.  Conditions  at  the  coastal  stations  are  so  different  from 
those  on  the  ice  far  removed  from  the  shore  that  it  is  hardly  possible  to  transpose  the  results  of 
shore  observations  for  the  ice  of  the  central  parts  of  the  basins  without  large  corrections,  which 
have  not  yet  been  determined. 

Still  more  difficult  is  the  problem  of  thermal  influence  of  the  air,  conditioned  by  temperature 
and  by  the  speed  of  wind.  While  we  may  deduce  the  wind  speed  from  synoptic  maps,  this  is  con- 
siderably more  difficult  with  respect  to  the  temperature  of  the  air. 

LITERATURE:  77.  91.  93. 

Section  116.  Melting  of  Ice  from  the  Top 

The  question  of  melting  of  ice  from  the  top  due  to  action  of  solar  radiation  and  heat  absorbed 
from  the  atmosphere  is  extremely  complex  from  a theoretical  point  of  view.  No  less  difficult  is  the 
question  of  finding  empirical  formulas  since  we  have  at  our  disposal  almost  no  observations  of  the 
melting  of  the  ice.  Therefore,  until  something  else  may  be  proposed,  I consider  it  possible  to  use 
the  following  very  approximate  calculation. 

1-et  f equal  the  quantity  of  heat  actually  absorbed  by  a unit  of  ice  area  in  a unit  of  time,  the 
quantity  being  made  up  of  the  radiational  and  thermal  actions  of  the  air  on  the  ice.  I,et  us  suppose 
that  all  of  this  heat  is  used  exclusively  in  reduction  of  the  thickness  of  ice.  It  follows  that  for  a 
unit  of  time  i . the  heat  absorbed  by  a unit  of  ice  area  will  be  equal  to  ,‘\1T.  Due  to  this  heat  the 
thickness  of  ice  should  decrease  by  lh.  From  this  we  obtain  the  equation 


/(ir  = sixd/i, 


ice  density, 
heat  of  fusion. 


In  this  formula  the  quantity  of  heat  absorbed  by  the  upper  surface  of  ice  is  constantly  changing 
and  the  fluctuations  of  this  absorption  are  quite  considerable. 


V 


It  is  known  that  the  ice  fields'  ability  to  absorb  heat  increases  with  the  passage  of  time  as  the 
ice  fields  become  darker  and  are  covered  with  snow  puddles.  The  law  of  this  increase  is  completely 
unknown  to  us.  The  absorption  of  heat  from  the  air  depends  on  the  speed  of  wind,  temperature  and 
humidity  of  the  air  and  also  on  other  factors. 

let  us  make  a rough  assumption  that  the  quantity  of  heat  coming  from  above  (as  a result  of 
radiation  and  heat  exchange  with  the  air)  remains  unchanged  during  the  period  of  time  under  con- 
sideration and  that  the  absorption  ability  of  the  ice  increases  proportionately  with  time.  i.  e. , 
f = t Then  we  obtain  from  equation  (1) 


bTdT  =S,X(J/;. 


Integrating,  we  find  that 


b } TdT  = s,x  jd/i, 

o o 


4 r = 


T-  = 


2 8,X/i 
ft 


(2) 


In  order  to  determine  the  coefficient,  ft.  let  us  suppose,  e.g.  , that  in  the  given  region  the 
reduction  of  ice  thickness  due  to  melting  continues  from  21  May  to  1 September;  i.e. , 100  days,  and 
that  the  thickness  of  the  ice  fields  decreases  by  100  cm  during  this  period. 

Substituting  in  equation  (2),  T = 100  and  ft  = 100,  we  obtain 

ft  = IM*  2SX  (3) 

T - 100  • 

Substituting  equation  (3)  in  equation  (2).  we  obtain 

7*  = 100/1, 


where  T = time,  expressed  in  days. 

ft  = melting,  expressed  in  centimeters. 

I have  compiled  table  88  according  to  this  equation. 


TABLE  88.  APPROXIMATE  REDUCTION  OE  ICE  THICKNESS  (DUE  TO 
MELTING  FROM  ABOVE)  IN  CM,  STARTING  WITH  21  MAY 


Date 

May 

21 

June 

1 

June 

11 

June 

21 

July 

1 

July 

11 

July 

21 

Aug 

1 

Aug 

11 

Aug 

21 

Sept 

1 

Decrease  in 

Ice  Thickness 

0 

1 

4 

9 

16 

25 

36 

49 

64 

81 

100 
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Similar  tables  may  readily  be  compiled  for  any  region,  given  the  duration  of  the  melting 
Period  and  the  thickness  of  melting  ice,  characteristic  of  the  given  region.  Thus,  for  example, 
with  = 40  days  and  h = 50  cm,  using  equation  (3)  wc  obtain 

2>,X50 

40* 

and  by  equation  (2). 


T1  = 32  h. 

Observations  show  that  in  the  seas  of  the  Soviet  Arctic  the  melting  from  above  in  August 
varies  on  the  average  from  1 to  3 cm  per  day.  Piotrovich  notes  that  in  the  Chuckchee  Sea,  at  70° 
north  latitude  and  182°  east  longitude,  for  the  24  hour  period  from  20  to  21  August  1935,  approxi- 
mately 3.5  cm  of  ice  melted,  the  weather  being  completely  clear  and  warm.  Thus,  the  melting  of 
ice  from  above  is  a slow  but  fundamental  process  for  close  ice,  occurring  at  all  times  for  ice  of  the 
central  arctic  and  in  the  spring  season  for  ice  of  the  neighboring  seas. 


In  the  case  of  many- year-old  ice  this  process  is  connected  with  an  extremely  typical  vertical 
movement  in  the  ice  of  all  kinds  of  foreign  matter.  In  many-year-old  ice,  which  melts  for  the  most 
part  from  above  and  which  grows  by  freezing  from  below,  all  foreign  matter  which  freezes  to  the 
lower  surface  of  the  ice  in  one  way  or  another  will  finally  appear  on  the  upper  surface.  Many 
observers,  including  myself,  have  noted  that  the  brown  deposit  on  the  ice  consists  of  quartz.  Many 
observers  have  been  suprised  to  find  comparatively  large  stones  and  even  boulders  on  the  surface 
of  the  ice  far  away  from  the  shores,  which  can  be  explained  by  the  phenomena  described  above. 

LITERATURE:  68.  77,  115. 


Section  117.  Melting  of  Ice  Due  to  Thermal  Action  of  Water 

While  melting  of  close  ice  occurs  for  the  most  part  from  above  (and  from  below  if  such  ice  is 
carried  by  the  winds  into  warm  waters),  for  open  ice,  on  the  other  hand,  great  importance  is 
attached  to  the  melting  due  to  heat  accumulated  from  the  water  layers  adjacent  to  the  ice.  This 
factor  is  greater  the  more  open  or  scattered  the  ice  is. 

For  simplicity  of  calculation  in  estimating  the  significance  of  this  process  I have  made  an 
extreme  assumption;  e.  g. : in  the  melting  process  a reduction  occurs  only  in  the  horizontal  dimen- 
sions of  individual  ice  floes  equidistantly  separated  in  the  sea.  This  assumption  is  in  part  justified 
by  the  fact  that  the  reflection  from  the  water  is  very  small,  while  that  from  snow  and  ice.  on  the 
other  hand,  is  very  great. 

Let  us  suppose  that  the  heat  absorbed  by  the  water  is  immediately  and  completely  used  in 
melting.  This  assumption  more  or  less  corresponds  to  reality  with  considerable  percentages  of 
ice.  and  is  proven  by  the  low  water  temperature  near  the  ice  during  melting.  This  phenomenon  is 
made  possible  by  two  processes:  (a)  the  mixing  or  stirring  of  water  caused  by  the  wind  and  ebb  and 
flood  tides,  and  (b)  the  natural  circulation  which  always  results  from  the  conjunction  of  water  and 
ice  of  different  temperature. 

IiCt  the  heat  absorbed  by  the  water  be  equal  to 

nwdT, 
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where 


m = quantity  of  heat  absorbed  by  a unit  of  water  area  in  a unit  of  time, 
w - area  of  water  surface  between  floe s, 

T = time. 


If  this  heat  is  expended  entirely  in  melting,  then,  assuming  that  during  melting  a decrease 
occurs  only  in  ice  area  and  not  in  thickness,  we  obtain 

mwdT  = htyds,  (l) 


where 


h 

6i 

\ 

ds 


ice  thickness, 
density  of  ice, 
heat  of  fusion, 
decrease  in  ice  area. 


m 


If  we  denote  figx  = ° ’ an<*  bear  in  mintl  t*,at  O'®  decrease  in  ice  area,  ds  , is  equal  to  the 


increase  in  area  of  open  water,  dw  , we  obtain 

aw  dT 
dw 
w 


dw, 
— adT. 


Considering  a as  constant  for  a certain  period  of  time  and  integrating,  we  obtain 

In  w — aT  -t-  C, 

where  C = an  arbitrary  value,  determined  by  the  condition  that  the  initial  moment  the  water 
area  w0 

Thence  it  follows  that 

In  wt  = In  w0  + aT. 


Discarding  the  logarithms,  we  obtain 

w,  = w0eaT 


or  t-tt 

w,  = W0ehi  , (2) 

where  wf  = area  of  water  at  the  instant  T . 

From  the  latter  equation  it  follows  that  with  a change  of  time  in  arithmetic  progression,  the 
area  of  water  between  the  floes  increases  in  geometrical  progression. 


The  areas  of  water  wt  and  wo  are  most  readily  expressed  in  units  of  tenths  of  the  entire  area 
of  the  sea  section  under  observation.  Actually,  if  we  consider  the  latter  as  being  equal  to  10,  we 
obtain 


n,  = 10  — Wn  1 

n0=  10  — w0,f 


(3) 
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where  n t and  n0  = quantity  of  ice  in  tenths. 

We  note  further  that  by  use  of  logarithms  in  equation  (2)  we  obtain 

)g  w,  - Ig  i»a  8^/t 

lgf  m ™ ' 


From  this  equation  it  may  be  seen  that,  other  conditions  being  equal,  the  time  intervals  in 
which  percentage  of  ice  of  diverse  thickness  decreases  equally  are  proportional  to  the  thickness  of 
ice  and  inversely  proportional  to  the  quantity  of  heat  absorbed  by  the  water. 


TABLE  89.  NUMBER  OF  DAYS  NEEDED  FOR  REDUCTION  IN  PERCENTAGE  OF  ICE  100  CM 
THICK  WITH  HEAT  ABSORBED  BY  WATER  EQUAL  TO 300 G/CAL/CM2  PER  DAY 


nt 

8 

7 

6 

5 

4 

3 

2 

1 

0 

9 

16 

26 

32 

38 

43 

46 

49 

52 

55 

8 

- 

10 

17 

22 

26 

30 

33 

36 

38 

7 

- 

- 

7 

12 

17 

29 

23 

26 

29 

6 

- 

- 

- 

5 

10 

13 

17 

19 

22 

5 

- 

- 

- 

- 

4 

8 

11 

14 

16 

4 

- 

- 

- 

- 

- 

4 

7 

9 

12 

3 

- 

- 

- 

- 

- 

- 

3 

6 

8 

2 

- 

- 

- 

- 

- 

- 

- 

3 

5 

1 

- 

- 

- 

_ 

- 

- 

- 

- 

3 

Table  89  is  compiled  from  equations  (2),  (3)  and  (4)  above  with  the  assumptions  that  the  ice 
thickness  is  equal  to  100  cm,  density  is  equal  to  0.9  g per  cubic  cm,  heat  of  fusion  equals  80  g-cal 
per  g,  and  quantity  of  heat  absorbed  by  water  and  expended  in  melting  equals  300  g-cal  per  square 
cm  per  day.  From  the  table  we  find  the  number  of  days  necessary  for  the  initial  ice  percentage 
n0  to  become  the  sought- for  percentage  n ^ . 

We  may  find  the  value  for  any  thickness  of  ice  by  a simple  multiplication  of  the  figure  from 
the  table  by  the  relation  of  the  given  ice  thickness  to  that  for  which  the  table  was  compiled,  i.e. , 
ice  thickness  equal  to  100  cm.  Thus,  for  example,  according  to  table  89,  tenths  ice  100  cm  thick 
will  become  five-tenths  ice  in  22  days.  Thence  we  obtain  the  fact  that  eight-tenths  ice  200  cm 
thick  will  become  five-tenths  ice  in  44  days. 

In  similar  fashion  we  may  find  the  figures  for  any  quantity  of  heat  absorbed  by  the  water  by 
simple  multiplication  of  the  figure  from  the  table  by  the  relation  between  300  g-cal  per  square  cm 
per  day  (the  value  for  which  the  table  was  compiled)  and  the  given  quantity  of  heat.  Thus,  e.  g. , if 
we  consider  that  only  150  g-cal  per  square  cm  per  day  is  absorbed  by  the  water,  the  table  figure 
must  be  multiplied  by  2. 

In  this  manner  we  may  readily  obtain  from  table  89  the  values  for  any  quantity  of  heat 
absorbed  by  the  water  and  for  any  thickness  of  ice. 
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TABLE  90.  DECREASE  IN  THICKNESS  AND  PERCENTAGE  OF  ICE 
COMPUTED  FROM  TABLES  88  AND  89 


1 

Date 

May 

21 

June 

21  1 

July 

10 

July 

22 

July  1 
30 

Aug 

5 

Aug 

11 

Aug 

15 

Aug 

19 

Percentage 

9 

8 

7 

' 

6 

5 

4 

3 

2 

1 

Thickness 

of  Ice  in  cm 

200 

190 

175 

1 

165 

150 

142 

135 

130 

125 

Table  90  shows  the  decrease  in  percentage  and  thickness  of  ice,  computed  by  use  of  tables  88 
and  89,  reckoning  the  thickness  of  ice  on  21  May  as  equal  to  200  cm  and  concentration  equal  to  nine- 
tenths. 

By  comparison  of  the  aforementioned  tables  there  may  clearly  be  seen  the  importance  for  the 
melting  of  ice  of  the  poiynyas  and  tidal  lanes  whose  water  absorbs  the  heat  and  gives  it  up  for  melt- 
ing of  the  ice.  Thus,  if  there  is  nine-tenths  ice  200  cm  thick  on  21  May  with  an  average  heat  absorp- 
tion by  the  water  equal  to  300  grant-calories  per  square  centimeter  per  day,  ignoring  the  melting  of 
ice  from  above  and  below,  the  percentage  will  decrease  to  one-tenth  by  1 September;  i.e. , in  100 
days  (as  found  from  table  89).  At  the  same  time,  if  on  21  May  we  have  ten-tenths  ice,  then  by  1 
September  this  ice  will  maintain  its  original  concentration,  and  only  its  thickness  will  decrease 
(as  found  from  table  88)  from  200  cm  to  100  cm. 

It  must  be  noted  that  table  88  is  computed  only  for  close,  continuous  ten-tenths  ice.  Table  89 
presupposes  that  all  the  heat  of  solar  radiation  and  of  the  atmosphere  which  is  absorbed  by  the  water 
is  expended  only  in  reducing  the  horizontal  dimensions  of  the  open  ice.  In  actuality,  with  open  ice 
the  heat  absorbed  by  water  is  used  not  only  in  reduction  of  horizontal  dimensions  but  also  in  reduction 
of  thickness  of  the  ice.  Thus,  we  have  seen  that  even  when  the  ice  and  water  temperatures  are  the 
same,  owing  to  the  different  values  of  vapor  pressure  over  water  and  over  ice,  there  cannot  be  an 
equilibrium  In  the  atmosphere.  A continuous  evaporation  will  go  on  over  the  water,  and  over  the 
ice  a continuous  condensation  of  vapor,  with  a corresponding  transfer  of  heat  of  evaporation  from 
water  to  ice. 

This  circumstance  is  not  taken  into  consideration  in  the  aforementioned  equations  and  tables. 
The  percentage  of  ice,  entering  into  equation  (3)  as  Initial  data,  does  not  take  into  consideration  the 
dimensions  of  floes.  It  naturally  follows  that  nine-tenths  brash  ice  melts  away  and  is  destroyed 
considerably  faster  than  ice  of  the  same  percentage  and  thickness  but  consisting  of  large  floes  and 
fields,  since  with  volume  being  the  same,  the  area  subject  to  action  of  radiation  and  heat  from  the 
atmosphere  and  water  is  considerably  greater. 

LITERATURE:  68,  77. 


Section  118.  Centers  of  Break-up  and  Melting 

By  approximate  calculation,  during  the  daylight  season  of  the  year  at  70°  north,  the  amount  of 
direct  and  diffused  solar  radiation  which  reaches  the  sea  surface  is  approximately  30  kg-cal  per 
square  cm  (taking  into  consideration  the  cloudiness  and  transparency  of  the  atmosphere).  At  80° 
north  the  quantity  of  heat  which  reaches  the  sea  surface  is  reduced  to  20  kg-cai  per  square  cm. 
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This  quantity  of  heat  (if  it  were  all  to  be  used  in  melting  the  ice)  is  sufficient  at  70’  north  to 
melt  away  approximately  4 m of  ice  or  to  heat  a layer  of  water  200  m thick  1.5*C.  At  SO"  north  it 
would  melt  away  approximately  2.5  m of  ice  or  would  heat  the  same  layer  of  water  l’C.  To  this 
there  must  he  added  the  heat  absorbed  (by  water  and  ice)  from  the  air  which  is  carried  by  the  winds 
from  the  more  southerly  and  warmer  regions. 

In  order  to  emphasize  more  sharply  the  total  significance  of  polynyas  and  water  expanses  free 
of  ice  for  the  heat  conditions  of  the  arctic,  the  following  very  approximate  calculations  are  given. 

We  have  seen  that  approximately  15  x 10*  cubic  km  of  warm  Atlantic  water  pours  into  the 
Norwegian  Sea  annually.  With  the  lowering  of  the  temperature  of  this  water  by  1°  approximately 
15  x 101*’  kg-cal  of  heat  are  set  free. 

I'nder  the  direct  influence  of  this  water,  in  the  Norwegian.  Greenland  and  Barents  Seas  about 
2 x 1 0®  square  km  area  never  freezes  over.  By  the  end  of  the  polar  summer  this  area  increases  to 
about  3.5  x lO1’  square  km.  U we  assume  that  approximately  30  kg-cal  per  square  cm  reach  the  sea 
surface  in  the  region  of  this  water  in  a year  and  that  approximately  24  kg-cal  per  square  cm  is 
absorb'd  by  the  water  (taking  the  albedo  as  equal  to  20  per  cent),  with  an  area  of  open  water  equal 
to  3.  5 x 1015  square  km  this  amounts  to  approximately  34  x lO11’  kg-cal  in  a year.  In  other  words, 
even  by  extremely  low  calculations,  the  temperature  of  the  whole  mass  of  Atlantic  water  is  raised 
by  nearly  6°  as  a result  of  absorption  of  only  the  solar  radiation.  It  is  clear  that  if  we  take  into 
account  the  heat  absorbed  by  the  polynyas  and  by  the  ice  itself,  and  in  addition  the  heat  absorbed 
from  the  atmosphere,  then  the  importance  of  the  heat  brought  in  by  the  Atlantic  water  still  further 
decreases  in  comparison  to  the  heat  which  accumulates  during  the  summer  in  the  Arctic  Ocean 
itself. 

It  follows  from  the  foregoing  computation  that  the  significance  of  the  Spitzbergen  and  Nor- 
wegian currents,  Siberian  rivers  and  Pacific  water  (flowing  into  the  Arctic  Busin  through  the  Bering 
Straits)  lie  not  only  in  the  fact  that  huge  quantities  of  heat  which  have  accumulated  in  the  more 
southerly  latitudes  are  carried  into  the  Arctic  Basin  by  these  currents,  but  also  in  the  fact  that  the 
open  sea  areas,  free  of  ice.  which  are  created  by  these  currents  at  the  beginning  of  spring,  become 
excellent  accumulators  of  heat. 

Table  91  gives  the  temperature  observations  of  the  Far  Fas  tt'rnero n 17  August  1932  in  the 
Chuckchee  Sea  at  67°  36’  north,  166°  27’  east.  Three  days  earlier  the  average  temperature  for  the 
same  depths  at  the  warmest  station  in  the  Bering  Straits  was  approximately  5°.  This  alone  proves 
that  the  high  temperatures  at  the  aforementioned  station  are  the  result  of  local  warming. 


TABLE  91.  WATER  TEMPERATURES  AT  67°  36'  NORTH,  27'  EAST 

Depth  in  meters  0 5 10  15  20  25  30  40  50 

Temperature  in 

degrees  C,  9.9  9.9  8.7  5.5  4.5  4.6  4.8  4.7  4.8 

Average  temperature  at  this  station  to  a depth  of  40  m equals  6.3°. 

The  latter  phenomenon  becomes  still  more  understandable  if  we  recall  that  from  the  conditions 
of  equilibrium  of  a water-ice  system  it  follows  that  the  mass  of  ice  melted  by  the  thermal  action  of 
the  water  is  directly  proportional  to  the  mass  of  water  which  is  involved  in  the  process. 
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Still  more  striking  are  observations  made  by  the  Perseus  on  5 September  1934  in  Trauren- 
berg  Ray  at  79°  58'  north,  16°  48'  east.  See  table  92. 

TABLE  92.  WATER  TEMPERATURES  AT  79°  58'  NORTH,  16°  48'  EAST, 

5 SEPTEMBER  1934 


Depth  in  meters 

0 

10 

25 

50 

64 

Temperature  in  degrees 

4.9 

5.  1 

5.0 

4.2 

4.2 

Salinity  in  o/oo 

32.7 

33.9 

34.0 

34.5 

34.5 

This  bay  is  isolated  by  underwater  rapids  from  the  waters  of  the  Spitsbergen  current  which 
flows  into  the  region  to  the  north  of  Spitsbergen.  The  high  temperature  of  its  water  is  created 
locally  as  a result  of  absorption  of  solar  radiation  and  heat  from  the  air. 

If  we  consider  that  the  water  temperature  in  this  bay  falls  to  the  freezing  point  in  winter,  it 
then  appears  that  during  the  summer  season  40  kg-cal  were  absorbed  here  by  each  square  cm  of 
water  surface.  If  we  take  into  account  the  local  conditions  which  make  for  little  cloudiness  and 
great  transparence  of  the  atmosphere  in  the  summer  season,  this  seems  entirely  possible. 

On  19  August  1932  the  Rustnou  observed  a surface  temperature  of  3.7°  in  the  Shokalski 
Straits,  and  5.3°  in  the  Vilkitski  Straits. 

These  examples  show  how  considerable  may  be  the  warming  of  surface  water  in  the  ice 
regions  of  high  latitudes  under  conditions  of  absence  of  ice.  They  force  us  to  refer  with  particular 
care  to  the  calculations  concerning  penetration  of  warm  currents  into  the  polar  regions  calculations 
based  only  on  observation  of  surface  temperatures.  The  high  temperatures  of  the  surface  water  in 
the  majority  of  cases  serves  only  to  indicate  an  earlier  clearing  of  ice  from  the  sea. 

Just  as  we  can  distinguish  in  every  region  of  the  sea  certain  areas  in  which  ice  formation 
begins  earliest,  we  may  also  distinguish  areas  where  the  ice  breaks  up  earliest  and  the  sea  is 
cleared  of  ice.  From  these  areas  as  centers,  other  conditions  being  equal,  opening  and  melting 
spreads  out  in  a definite  direction.  The  position  of  these  centers  of  breakup  and  melting  is  deter- 
mined by  many  physicogeographic  factors. 

Other  conditions  being  equal,  breakup  begins  earliest  in  the  more  southerly  regions,  near 
the  shores,  in  regions  of  strong  tidal  currents,  and  particularly  near  the  mouths  of  rivers.  Melt- 
ing of  ice  occurs  quickest  wherever,  for  one  reason  or  another,  there  are  large  areas  of  clear 
water  at  the  start  of  melting. 

In  the  seas  of  the  Soviet  Arctic,  on  the  average,  the  breakup  of  shore  and  fast  ice  occurs 
earliest  in  the  southern  Novozemelski  Straits  (in  the  latter  third  of  June),  and  latest  in  the 
Vilkitski  Straits  (at  the  beginning  of  August).  It  is  clear  that  after  the  breakup  of  the  fast  ice.  the 
centers  of  breakup  become  also  the  centers  of  melting. 

In  the  open  parts  of  the  arctic  seas  the  conception  of  breaking  up  of  sea  ice  is  not  applicable, 
since  even  in  winter  these  areas  are  covered  with  broken-up  floating  ice  floes. 

From  table  89  we  have  seen  that  with  ice  thickness  equal  to  100  cm  and  with  absorption  by 
water  of  300  g-cal  per  square  cm  per  day  in  16  days  nine-tenths  ice  will  become  eight-tenths  ice. 
and  five-tenths  ice  completely  melts  away. 
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In  the  explanation  of  table  89  it  was  shown  that  the  time  necessary  for  the  transformation  by 
melting  of  one  ice  percentage  into  another  for  any  given  ice  thickness  and  any  quantity  of  heat  ab- 
sorbed by  the  water  could  be  obtained  by  multiplying  the  figures  of  the  table  by  proper  factors. 
From  this  it  follows  that  under  any  conditions,  provided  they  are  the  same  in  both  cases,  nine- 
tenth  a ice  becomes  eight-tenths  ice  in  the  same  time  interval  as  five-tenths  ice  melts  away 
completely. 

The  aforementioned  calculation  once  more  confirms  the  importance  of  dispersion  of  ice  for 
melting  and  in  particular  explains  the  ability  of  individual  large  floes  to  last  throughout  the  polar 


It  must  be  noted  that  it  is  considerably  more  difficult  to  thin  out  close  ice  than  ice  already 
opened  and  dispersed  since  the  small  and  more  movable  ice  formations  are  hindered  in  their  move- 
ment by  the  larger  ice  formations  which  have  greater  inertia  and  are  less  movable.  Therefore,  ice 
floes  of  large  area  are  not  thinned  out,  but  are  as  if  broken  into  ice  floes  of  smaller  area  but  of 
similar  degree  of  compactness.  That  is  why.  while  navigating  in  the  ice.  one  often  meets  separate 
strips  and  accumulations  of  close-ice  alternating  with  more  or  less  broad  stretches  of  open  water. 
This  phenomenon  is  strengthened  by  the  fact  that  each  separate  ice  floe  which  appears  in  the  midst 
of  clear  water  in  the  summer  time  is  extremely  short-lived.  Only  large  floebergs  and  icebergs 
are  capable  of  existing,  separately  for  a long  time  and  can  float  for  great  distances,  especially  if 
their  movement  is  connected  with  appropriate  currents. 

Thus  we  may  consider  that  in  the  melting  period  we  will  meet  for  the  most  part  either  eight- 
to  ten-tenths  ice.  or  open  water  with  scattered  ice  floes  in  the  process  of  destruction,  or  in  other 
words,  one-  to  two-tenths  ice.  Only  in  the  case  of  tidal  phenomena  and  under  conditions  of  complete 
lack  of  wind  do  we  find  ice  of  different  compactness. 

In  this  respect,  the  disposition  of  ice  in  the  Kara  Sea  at  the  start  of  navigation  in  1940  was 
extremely  typical.  In  this  case  the  pre-navigational  air  reconnaissance  carried  out  in  June  estab- 
lished the  presence  of  a strip  of  open  ice  stretching  approximately  from  Dickson  Island  to  Severnaya 
Zemlya.  This  strip  subsequently  became  the  basic  region  from  which  melting  extended  to  the 
northwest.  At  the  start  of  navigation  the  whole  band  became  free  of  ice  and  thereby  made  navigation 
possible  in  the  first  navigational  period.  There  is  no  doubt  that  this  band  of  open- ice  was  formed 
as  a result  of  breaking-up  of  ice  fields  by  suitable  winds. 

Figure  112  shows  the  condition  of  ice  in  the  southwestern  part  of  the  Kara  Sea  from  20  to  24 
June  1943,  according  to  observations  of  the  icebreaker  ::ikoyan  wdth  additional  data  from  simul- 
taneous air  reconnaissance.  On  the  diagram  there  may  clearly  be  seen  the  Novozemelski  ice  field 
of  the  Kara  Sea  which  is  beginning  to  be  destroyed,  the  Yamalskaya  and  Ob- Yeniseikaya  polynya  and 
the  strip  of  fast  ice  which  still  remains  in  the  mouth  of  the  Yeniseiski  Gulf,  reaching  from  Oleni 
Island  across  Sibiryakova  Island  to  Dickson  Island.  The  same  figure  shows  simultaneous  observa- 
tions of  water  temperature  (denominator)  and  air  temperature  (numerator),  made  by  the  icebreaker 
k ;.:n.  These  observations  merit  particular  attention.  Actually,  in  a comparatively  small 
stretch  the  water  temperature  varied  within  very  wide  limits--from  0.4°  to  10.6°.  During  this 
time  a southeast  air  current  prevailed  over  the  region  under  observation  and  consequently  a more 
or  less  uniform  air  mass  was  drawn  over  the  sea.  Nevertheless,  the  air  temperature  over  the  sea 
also  varied,  in  a small  expanse,  within  very  wide  limits--from  0.7°  to  10.6°.  Most  remarkable 
was  the  fact  that  despite  the  great  differences  in  temperature  of  water  and  air  in  adjacent  points  of 
the  area,  the  difference  between  the  temperatures  of  water  and  air  at  one  and  the  same  point  in  the 
sea  stayed  within  the  limits  of  2°  with  the  exception  of  the  region  in  direct  proximity  to  Dickson 
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Figure  112.  Condition  of  ice,  temperature  of  air  (numerator),  and  temperature  of 
water  (denominator)  in  the  southwestern  part  of  Kara  Sea, 

20  to  24  June  1943. 


Island.  In  other  words,  the  air  temperature  very  closely  followed  the  temperature  of  the  under- 
lying water  surface . 

Also  worthy  of  attention  are  the  very  high  water  temperatures,  up  to  10.6°.  Taking  into 
consideration  the  early  season  of  the  year,  and  also  the  existence  of  an  ice  dam  in  the  mouth  of  the 
Yeniseiski  Gulf,  we  must  assume  that  such  high  temperatures  are  only  partly  due  to  the  heat  of  the 
coastal  current  but  are  mainly  created  locally  by  the  combined  influence  of  solar  radiation  and 
advective  heat  of  the  atmosphere.  It  is  clear  that  if  such  warm  water  is  subsequently  blown  by  the 
wind  onto  ice,  there  will  then  result  a stronger  washing-away  of  projecting  edges  of  ice.  If  the  wind 
starts  to  drive  the  ice  into  such  warm  water  the  small  floes  will  completely  disappear  and  the  large 
floes  be  considerably  destroyed.  As  has  already  been  remarked,  this  accounts  for  the  influence  of 
polynyas  and  open  water  on  the  melting  of  ice. 

LITERATURE:  62,  77,  82. 
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CHAPTER  IX 

TIDAL  PHENOMENA  AND  ICE 


M 


Section  119.  Certain  Peculiarities  of  the  Tides 

Tidal  phenomena  are  expressed  in  periodic  variable  movements  of  water  particles  in  a 
vertical  direction  (variation  in  water  level)  and  in  a horizontal  direction  (ebb  and  flow  currents). 

As  observations  have  shown,  the  tidal  force  of  the  moon  and  sun  create  tidal  phenomena 
even  in  small  and  restricted  sea  basins,  but  basically  these  phenomena  are  generated  in  the  belt 
of  the  World  Ocean  embracing  the  globe  around  the  high  parallels  of  the  southern  hemisphere. 

Here  the  tidal  wave,  continually  stimulated  and  running  from  east  to  west,  passes  the  southern  ends 
of  America,  Australia  and  Africa.  After  rounding  these  extremeties  it  spreads  out  to  the  north 
as  a free  wave.  The  tidal  wave  enters  the  Atlantic  Ocean  and  here  spreads  out  along  the  conti- 
nental slope  of  Eurasia  right  to  the  North  American  archipelago.  On  its  way  this  wave  sends  out 
branches  into  the  individual  surrounding  seas. 

The  spreading  of  the  ocean  tidal  wave  into  shallow  seas  discloses  some  curious  peculiarities: 

1 . The  tide-forming  force  of  the  moon  and  sun  acts  upon  water  particles  practically  inde- 
pendent of  their  depth  below  the  ocean's  surface.  Therefore  the  entire  water  mass  of  the  World 
Ocean  takes  part  in  the  tidal  phenomena.  Since  the  tidal  wave,  as  it  spreads  out,  must  pass  some- 
times over  greater  and  sometimes  over  lesser  depths,  it  develops  that  wherever  the  depth  de- 
creases from  greater  to  smaller,  the  energy  of  the  larger  water  masses  is  transferred  to  the 
smaller  masses  and  the  amplitude  of  the  tide  is  correspondingly  increased.  Contrarily,  with 
transfer  from  lesser  to  greater  depth  the  amplitude  is  decreased. 

The  depth  of  the  ocean  changes  most  sharply  on  the  continental  slope.  Here  the  tidal  wave 
passes,  in  a short  space,  from  the  ocean  depths  to  the  lesser  depths  of  the  continental  shallows. 
Obviously  the  amplitude  of  the  tide  is  thereby  sharply  increased  and  the  speed  of  the  tidal  current 
is  proportionately  increased.  The  same  occurs  with  the  further  progress  of  the  tidal  wave  along 
the  continental  shallows.  This  is  diagrammatically  illustrated  in  figure  113.  It  is  natural  that  the 
larger  amplitudes  which  are  created  at  the  borders  of  the  ledges  are  slightly  decreased  in  the  sub- 
sequent level  deep  places. 


2 . The  increase  in  amplitude  of  tide  upon  approaching  the  shores  is  attributable  not  only  to 
the  decrease  in  depth  but  also  the  decrease  in  width  of  the  gulfs.  Still  another  contributing  facior 
is  the  interference  created  as  a result  of  the  reflection  of  the  tidal  wave  from  the  shores  and  its 
addition  to  the  waves  arriving  from  other  regions. 


Figure  113.  Diagram  of  changes  in  amplitude  of  the  tide  upon  progressing 
into  shallow  water.  Comparative  value  of  amplitude  is  shown 
by  the  vertically  hatched  strip. 


3.  Every  horizontal  movement  on  the  earth  is  deflected  to  the  right  in  the  northern  hemi- 
sphere and  to  the  left  in  the  southern  due  to  the  force  of  the  earth's  rotation.  This  is  also  felt  in 
the  tidal  phenomena.  Thus,  due  to  this  influence  of  the  earth's  rotation,  everywhere  in  the 
northern  hemisphere  the  tidal  amplitude  is  considerably  greater  on  the  right  hand  shores  (with 
relation  to  the  spreading  of  the  tidal  wave)  than  on  the  left  hand  shores. 

Figure  114  shows  the  amplitudes  of  the  spring  tides  along  the  shores  of  the  White,  Barents 
and  Kara  Seas,  which  confirm  this  phenomenon. 

Depending  on  local  conditions,  the  tidal  variations  of  the  water  level  and  the  current  may  be 
extremely  diverse.  Nevertheless,  three  basic  groups  of  tidal  phenomena  may  be  noted:  along 
the  shore,  in  narrow  straits,  and  in  the  open  sea. 

Along  the  shore  the  extreme  levels  usually  coincide  with  the  change  of  the  tidal  currents. 
The  variations  of  level  are  of  the  greatest  practical  interest  here. 

In  narrow  straits  the  extreme  levels  coincide  approximately  with  the  maximum  speeds  of 
the  tidal  currents.  The  change  of  tidal  currents  occurs  approximately  at  mean  tide  level.  The 
horizontal  orbits  represent  very  nearly  straight  lines  extending  approximately  along  the  axis  of 
the  straits.  It  is  as  if  the  water  masses  are  carried  back  and  forth  along  the  axis  of  the  strait. 

In  the  open  sea  the  variations  of  level  have  almost  no  significance.  The  horizontal  orbits 
are  nearly  circular  and  the  water  particles,  due  to  the  deflecting  force  of  the  earth's  rotation  in 
the  northern  hemisphere,  move  in  a clockwise  direction.  In  regard  to  this  my  observations  in  the 
open  part  of  the  Barents  Sea  provide  a typical  example. 

Figure  115  shows  the  horizontal  orbits  of  water  particles  during  the  period  of  the  tidal 
current  at  depths  of  0,  25,  and  50  m all  in  the  same  scale.  These  were  obtained  by  simultaneous 
observations  on  5-6  July  1928  at  73°  16.6'  north  38°  24.5'  east  to  depths  of  260  m.  In  all  cases 
the  permanent  current  is  excluded.  In  examining  the  drawings,  attention  is  directed  to  the 
following. 


1.  The  horizontal  orbits  of  the  particles  are  almost  circular. 
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2.  In  the  surface  layers  the  direction  of  the  tidal  currents  is  clockwise.  (This  also  occurred 
at  100  m.  Only  at  the  very  bottom,  at  a depth  of  250  m,  did  the  current  shift  in  a counterclock- 
wise direction). 

3.  The  orbits  of  the  particles  increased  rather  than  decreased  with  depth.  The  greatest 
speeds  of  the  tidal  current  were  observed  at  a depth  of  25  m.  These  phenomena  are  explained 
firstly  by  the  fact  that  the  water  is  not  able  to  attain  a position  of  equilibrium  and  secondly  by  the 
inertia  of  the  water  masses.  Thus,  in  the  open  sea  and  in  the  central  parts  of  wide  straits  there 
is  not  found  what  is  commonly  referred  to  along  the  shores  as  "change  of  currents"  or  "slack 
water.  " Here  the  tidal  currents  never  cease. 

LITERATURE:  51),  51.  53,  54. 

Section  120.  Influence  of  Ice  on  Tidal  Phenomena 

In  the  case  of  a sea  surface  free  of  ice,  the  energy  of  tidal  waves  is  expended  in  the  end  on 
destruction  of  the  bottom  and  the  shores  and  on  heating  of  the  sea.  In  a sea  which  is  covered  with 
ice  this  energy  is  expended,  in  addition,  on  all  sorts  of  deformations  of  the  ice  cover--hummock 
formation,  fracture,  etc.  It  follows,  therefore,  that  with  the  presence  of  ice  all  elements  of  the 
tidal  phenomena  arc  significantly  changed. 

In  a sea  free  of  ice  the  speed  of  tidal  currents  decreases  with  depth  approximately  paraboli- 
cally.  If  the  sea  is  covered  with  fast  ice  the  tidal  current  is  similar  to  the  flow  of  a liquid  between 
two  plates,  i.e..  the  graph  of  the  distribution  of  speeds  will  also  be  approximately  parabolic,  but 
with  its  horizontal  axis  situated  at  the  middle  of  the  depth  of  the  sea  (if  we  consider  friction  with 
the  ice  and  with  the  bottom  as  equal  and  the  fluid  as  homogeneous).  From  the  above,  it  follows  that 
the  average  speed  of  the  tidal  current  under  the  ice  will  be  considerably  less  than  the  speed  of  the 
tidal  current  in  a sea  free  of  ice. 

Rut  the  decrease  in  speed  of  tidal  currents  results  in  a proportional  decrease  in  amplitude 
of  the  tide.  The  amplitude  is  also  decreased  in  turn  by  the  presence  of  the  ice  cover  for  creating 
the  appropriate  variations  of  level  there  is  required  a periodic  bending  of  the  ice  cover  first  in  one 
direction,  then  in  the  other,  and  pail  of  the  tidal  energy  is  expended  in  this. 

The  investigations  conducted  by  port  discovery  parties  in  the  White  Sea  serve  as  a typical 
example  in  this  respect  (table  93). 

TABLE  93.  AMPLITUDES  OF  THE  TIDE  (IN  METERS)  IN  THE  KAMENAK  AND  PYA  RIVERS 


Date 

14  June  1928 

14  July  1928 

6 February  1929 

Pya 

5.50 

5.68 

4.70 

Kamenka 

3.54 

3.56 

0.68 

Ratio 

1.55 

1.60 

6.91 

In  February  at  Mezenski  Bay  at  the  mouth  of  the  Pya  River  there  was  loose  ice,  while  at  the 
mouth  of  the  Kamenka  fast  ice.  If  we  accept  the  fact  that  the  ratio  between  the  amplitudes  in  these 
two  points  should  always  be  about  1.6,  then  in  February  the  amplitudes  of  tide  at  Kamenka  should 
have  been  about  3 m,  while  only  0.68  m was  observed. 
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TABLE  94.  AVERAGE  AMPLITUDES  OF  THE  TIDE  (IN  METERS)  AT  SOLOMBAI.A 
ON  THE  SEVERNAYA  DVINA  FOR  1917  TO  1929 


Winter  Summer 


Nov. 

Dec. 

Jan.  1 

Feb. 

Mar.  I 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

0.53 

; o.5i 

0.45 

0.37 

! 0.42 

0.37 

0.31 

0.56 

0.  70 

0.68 

0.72 

| 0.64 

Table  94  shows  the  monthly  average  amplitudes  of  the  tide  on  the  Severnaya  Dvina,  accord- 
ing to  observations  made  from  1917  to  1929.  From  the  table  it  may  lie  seen  that  in  the  summer 
the  amplitudes  of  the  tide  is  almost  twice  as  large  as  in  the  winter. 

As  a supplement,  to  the  above  table,  the  following  should  be  noted: 

In  1942  on  the  Severnaya  Dvina  at  Solombala  the  normal  tide  continued  until  10  May  along 
with  the  / nnn  ikh  i*  typical  of  this  river.  By  that  time  the  irregularity  had  already  begun  result- 
ing in  the  level  at  Solombala  reaching  200cm  (reckoning from  the  zero  of  1881). 

The  amplitude  of  tide  was  at  winter  level,  and  varied  from  25  to  45  cm.  On  11  May  the 
anomaly  reached  its  peak  (320  cm)  ami  the  river  opened  up  at  Archangel . On  14  May  the  level  fell 
to  200  cm  and  the  regular  tide  occurred  again,  once  more  with  the  characteristic  manikha.  On  16 
May  the  Severnaya  Dvina  was  finally  cleared  of  ice  but  the  amplitude  continued  to  remain  at  its 
winter  level.  Such  a situation  continues,  as  a rule,  right  up  to  the  complete  clearing  of  ice  from 
the  neck  of  the  White  Sea.  Actually,  the  tides  on  the  Severnaya  Dvina  are  only  the  result  of  the 
tidal  wave  passing  through  the  neck  of  the  White  Sea  from  the  Barents  Sea.  It  follows  that  as  long 
this  wave  is  weakened  by  the  ice  in  the  neck  of  the  sea  the  tide  amplitude  in  the  whole  of  the  White 
Sea  will  remain  small.  This  explains  the  comparatively  small  average  amplitude  of  tide  in  May 
when  the  basin  and  Dvinski  Bay  are  often  completely  free  of  ice  while  the  neck  of  the  White  Sea  is 
still  not  yet  clear. 

It  is  clear  that  the  less  ice  present,  the  less  noticeable  are  these  phenomena.  A part  of  the 
tidal  energy  is  expended  on  moving  and  bending  the  ice  and  thus  the  tidal  amplitude  is  correspond- 
ingly decreased.  It  is  obvious  also  that  sparse  brash  ice,  which  very  strongly  extinguishes  the 
energy  of  wind  waves,  cannot  have  much  effect  on  the  energy  of  the  very  long  tidal  wave. 

In  addition  to  decreasing  tidal  amplitude  and  speed  of  tidal  currents,  the  ice  cover  also  has 
an  effect  on  other  elements  of  the  tide.  For  example,  according  to  the  observations  of  I.yakhnit- 
ski,  in  the  mouth  of  the  Severnaya  Dvina  in  1915  and  1910  the  difference  in  time  of  the  tide 
between  Solombala  and  Lapominskaya  Gavan,  which  is  equal  to  1.5  hours  in  summer,  increases 
to  3.5  hours  in  winter.  It  is  calculated  that  the  times  of  high  and  low  tide  in  the  period  with  com- 
plete ice  coverage  are  approximately  one  hour  later  than  the  times  of  high  and  low  tide  in  the 
summer  season. 

Table  95  shows  the  phase  angles  (according  to  Maksimov)  of  the  main  semidiurnal  waves  for 
certain  points  of  the  Soviet  Arctic.  From  the  table  it  is  evident  that  with  the  presence  of  ice.  the 
phases  of  the  tidal  waves  are  later  in  comparison  with  phases  of  the  same  waves  in  absence  of  ice  . 

♦The  phenomenon  of  mv,  ik  ha  consists  of  the  following:  in  the  course  of  a rising  tide  the 
level  stops  rising  or  even  declines  for  a certain  time  and  then  the  increase  in  level  continues 
again  until  fall  tide. 
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TABLE  95.  PHASE  ANGLES  OF  THE  PRINCIPLE  SEMI-DIURNAL  TIDES 


Region 

Russkaya  Gavan 

Mys  Zhelaniya 

Mys  Chelyuskin 

Component 

M2 

®2 

M2 

% 

M2  S2 

Clear  of  Ice 

275° 

331° 

318° 

354° 

331°  20° 

Ice  Present 

299° 

346° 

321° 

9° 

346°  28° 

Thus,  a preliminary  computation  of  all  elements  of  the  tide  requires  a separate  determina- 
tion of  the  harmonic  constants  for  a sea  free  of  ice  as  well  as  for  a sea  covered  with  ice. 

LITERATURE:  54,  77,  102. 

Section  121.  Influence  of  Tides  on  Freezing  and  Break-up  of  Sea 

The  tides  are  distinguished  from  the  permanent  currents  by  their  periodicity  in  respect  to 
speed  and  direction  and  by  their  great  velocity  gradients  and  the  resulting  extreme  turbulence 
The  latter,  in  certain  regions  such  as  narrow  straits,  results  in  a complete  mixing  of  the  sea 
waters  from  the  surface  to  the  bottom  which  makes  the  tidal  currents  similar  to  river  currents. 

But  we  have  seen  that  the  larger  the  vertical  gradients  of  density  in  the  surface  layers  the 
faster  surface  ice  begins  to  form.  From  this  it  follows  that  the  tides,  by  mixing  the  water  masses 
as  a rule  retard  the  start  of  ice  formation.  However,  the  tides  subsequently  continue  to  break  up 
the  ice  cover  and  thereby  an  intensified  ice  formation  goes  on  in  the  open  expanses  of  clear  water. 
Due  to  this  the  total  quantity  of  ice  is  greater  by  comparison  with  the  quantity  of  ice  which  would 
form  in  the  given  region  in  the  absence  of  tides. 

Great  variations  of  tidal  level  are  observed  in  Mezenski  Bay  of  the  White  Sea  and  especially 
in  the  mouth  of  the  Mezen  River.  For  example,  in  the  mouth  of  the  Semzha  River,  a tributary  of 
the  Mezen,  the  greatest  amplitude  of  tide  is  II.  7 m and  the  smallest  is  2.9  m.  Due  to  this  ice 
never  forms  on  the  Mezen  below  Mys  Tolstik.  With  every  flood  tide  the  ice  breaks  up  and  hum- 
mocks toward  the  mouth  of  the  river;  with  every  ebb  tide  the  ice  is  carried  into  the  sea  where  it 
piles  up  on  the  coastal  banks  and  shoals. 

Fast  ice  does  not  form  around  Morzhovets  Island  due  to  the  tidal  current  entering  Mozenski 
Bay  and  rounding  this  island  to  the  south  and  north.  Branches  of  the  current,  meeting  along  the 
eastern  side  of  the  island,  create  there  a strong  tide  rip  in  the  summer  and  considerable  hum- 
mocking  and  formation  of  stamukhi  in  the  winter.  In  the  straits  of  Matochkin  Shar  near  Mvs  Uzki 
where  the  depth  is  25  to  20  m and  the  speed  of  tidal  current  reaches  5 knots,  a polynya  situated  in 
the  middle  of  the  straits  is  quite  typical.  The  polynya  even  lasts  through  the  winter  in  particularly 
warm  years.  In  normal  winters  it  closes  over  with  ice  and  opens  up  again  in  the  spring. 

Thus,  in  the  period  of  ice  formation  the  tides 

1.  Retard  formation  of  initial  ice  forms  until  the  whole  water  layer  which  is  mixed  together 
by  the  tides  is  cooled  to  the  freezing  point. 

2.  Hinder  formation  of  fast  ice  and  large  ice  fields. 


other  by  cracks  which  are  called,  with  relation  to  the  shore,  interior  and  exterior  tidal  cracks 
(figure  116). 

The  steeper  the  angle  of  slope  and  the  less  the  amplitude  of  the  tide,  the  closer  together  will 
be  the  exterior  and  interior  cracks.  The  more  gradual  the  slope  of  the  shore  and  the  greater  the 
amplitude  of  tide  and  thickness  of  ice.  the  further  apart  will  be  the  tidal  cracks  and  the  more 
clearly  defined. 

Ice  formation  in  the  sea  never  occurs  with  identical  intensity.  This  is  explained  in  part  by 
the  changes  in  meteorological  conditions  but  mainly  by  ocean  conditions.  Therefore,  freezing  goes 
forward  by  leaps  or  stages  and  each  stage  is  characterized  by  a crack.  According  to  observations 
of  the  :r on  a sloping  shore  stretching  out  over  a great  distance,  the  number  of  tidal  cracks 
was  sometimes  as  high  as  seven.  Only  two  of  these,  those  nearest  the  sea,  were  active  (i.e.  . 
variations  of  level  were  noticeable  in  them).  The  other  five  had  been  active  in  the  past  but  with  the 
thickening  of  the  ice  they  remained  in  the  coastal  strip  of  sea  frozen  through  to  the  bottom . Usually 
the  plane  of  the  tidal  cracks  is  vertical.  Sometimes  it  inclines  towards  the  shore  and  in  very  rare 
instances  towards  the  sea. 

The  distance  of  the  tidal  cracks  from  the  shore  depends  on  the  slope  of  the  I teach  and  the 
amplitude  of  the  tide.  In  Kozhevnikov  Bay  (Khatangski  Gulf)  the  tidal  cracks  are  formed  up  to  1 to 
1.5  m from  the  shore. 

In  shallow  water  the  tidal  cracks  follow  very  closely  the  outlines  of  the  coastline.  This  fact 
is  sometimes  used  in  winter  surveys  of  routes  at  shallow  coasts  where  it  is  impossible  to  identify 
the  coastline  otherwise. 

In  the  case  of  spring  tides  and  strong  driving  winds,  the  ice  on  the  surface  may  be  higher  than 
the  ice  frozen  to  the  bottom.  Then  the  sea  water  rises  above  the  latter  and  forms  the  so-called 
winter  water-lanes  along  the  coast  ( . ).  This  water,  mixing  with  the  snow  which  covers  the 
coastal  ice  and  then  freezing,  forms  (on  the  surface  of  the  sea  ice)  snow  ice  which  is  distinguished 
by  its  dull  white  color.  When  the  surface  ice  is  driven  off  the  shore  it  may  actually  be  lower  than 
the  ice  frozen  to  the  bottom. 

Analogous  tidal  cracks  arc  formed  around  islands  and  ice  formations  which  are  lying  on 
shoals.  Usually  in  such  cases  there  are  several  radial  cracks  present  within  the  circular  tidal 
crack.  Similar  circular  and  radial  cracks  are  observed  near  individual  shoals  where  the  depth  is 
less  than  the  amplitude  of  the  tide  plus  the  greatest  thickness  of  the  ice  cover.  Over  such  shoals 
at  the  start  of  ice  formation  the  ice  cover  at  ebb  tide  has  a slanting  dome-shaped  swelling.  With 
subsequent  growth  and  strengthening  of  the  ice  cover  the  circular  crack,  which  encompasses  the 
ends  of  the  radial  cracks,  usually  has  its  larger  opening  facing  down,  while  the  radial  cracks,  on 
the  other  hand,  have  the  larger  opening  facing  up. 

With  increase  in  amount  of  ice  cover,  the  slope  of  the  slabs  which  form  a swelling  over  the 
sub-surface  rock  continually  increases  and  in  certain  cases  reaches  15° . The  inclined  slabs 
freeze  together  with  the  sea  water  which  falls  into  the  cracks  between  them.  Thus  a very  stable 
formation  is  created  rising  to  one  or  two  m over  the  surface  of  the  smooth  ice  with  diameter  up  to 
7 m and  similar  to  a crater  in  form  (figure  117).  Such  crater-shaped  heapings  of  ice  ("ice  tents") 
are  especially  characteristic  of  rocky  shores  where  the  littoral  zone  contains  many  sub-surface 
stones.  Analogous  phenomena  were  observed  by  the  Toll  expedition  along  the  low  and  declivitous 
shores  of  Zemlya  Runge  over  the  shafts  of  sludge  ice  which  had  become  soaked  from  long  immer- 
sion in  the  water  and  were  therefore  heavy  and  prone  to  sink. 
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Figure  117.  Crater-shaped  hummocks  of  ice  over  shoals. 


Fluctuations  in  sea  level  during  winter  are  caused  not  only  by  tides  but  also  by  wind  driving 
water  towards  and  away  from  the  shore.  So,  besides  tidal  cracks,  wind-driven  cracks  are  charac- 
teristic of  the  ice  cover.  The  latter  are  particularly  well  developed  and  most  typical  when  the  bays 
are  already  covered  with  a rather  firm  ice  cover  and  the  adjacent  sea  is  still  free  of  ice.  With  a 
strong  wind  blowing  towards  shore  the  water  covers  the  fast  ice.  When  the  wind  blows  off-shore, 
due  to  the  lowering  of  the  level,  cracks  are  formed  in  the  ice.  These  are  typical  in  that  they 
intersect  perpendicularly  entries  into  the  gulfs,  separate  the  gulf  from  its  shallower  bays,  and 
stretch  from  one  island  to  another  across  the  straits.  Such  cracks  appear  in  any  month  of  the 
winter. 

In  most  cases,  however,  the  wind-driven  cracks  coincide  with  the  tidal  cracks.  This  may  be 
readily  followed,  for  example,  on  the  Severnaya  Dvina  where  the  wind-driving  effect  considerably 
exceeds  the  tides.  For  example,  in  the  winter  of  1941-42  after  the  fast  ice  cover  had  formed,  the 
amplitude  of  tidal  fluctuations  in  level  did  not  exceed  60  cm  even  in  spring  tides.  The  amplitude  of 
wind-driven  fluctuations  of  level,  however,  reached  101  cm  in  November,  79  cm  in  December, 

62  cm  in  January,  76  cm  in  February,  76  cm  in  March,  and  69  cm  in  April.  As  one  can  see,  the 
wind-driven  fluctuations  of  level  on  the  Severnaya  Dvina  did  not  cease  throughout  the  winter  despite 
the  fact  that  the  entire  sea  was  solidly  covered  with  ice. 

The  fast  ice  cover  was  formed  on  the  Severnaya  Dvina  on  3 November  1941  and  the  river  ice 
broke  up  on  11  May  1942.  During  this  time  the  maximum  level  (tidal  plus  wind-driving  effects  on 
shore)  was  observed  on  30  November  and  was  equal  to  210  cm  while  the  minimum  level  was  ob- 
served on  8 February  and  was  equal  to  -2  cm  (relative  to  the  "zero  of  1881").  Thus,  the  absolute 
amplitude  of  variation  in  the  ice  period  was  212  cm  which  made  for  sharply  defined  cracks,  winter 
water-lanes  along  the  coast,  freezing  of  the  ice  to  the  shore  and  to  mooring  lines,  etc. 

Figure  118  shows,  according  to  Voeikov  and  Stolyarov,  the  location  of  tidal  cracks  in  Tiksi 
Bay  in  the  winter  of  1933-34.  These  cracks  ran  between  all  the  prominent  parts  of  the  shore  and 
along  the  coastline  and  remained  open  all  through  the  winter.  With  severe  freezing  young  ice  was 
often  pressed  out  of  them  forming  ridges  from  10  to  15  cm  high  and  2 to  2.5  cm  thick.  Due  to  the 
lack  of  connection  with  the  shore,  the  ice  in  the  central  part  of  the  bay  remained  afloat. 


333 


A 


Figure  1 18.  Tidal  cracks  in  Tiksi  Bay  — winter  of  1933-1934. 

Figure  119  shows  the  ice  profile  made  in  Archangel  on  8 December  1941  from  the  pier  of  the 
port  of  Ekonomiya  to  the  shallows.  Typical  in  the  figure  are  the  increase  in  ice  thickness  alongside 
the  pier  and  swelling  of  ice  over  the  shallows.  These  elements,  as  we  have  seen,  are  completely 
explained  by  tidal  and  other  variations  of  level  and  must  be  taken  into  consideration  in  practice. 

In  cases  when  ships  must  pass  enforced  or  intentional  winterings  along  nautural  shores  or 
quays  In  harbors  where  strong  tides  occur,  the  ship  should  first  of  all  be  placed  for  the  winter  in 
such  a way  that  it  will  in  no  case  freeze  into  an  ice  zone  where  tidal  or  wind-driving  cracks  appear 
but  will  remain  completely  in  ice  which  is  always  afloat. 

During  the  wintering  the  hull  of  the  vessel,  particularly  an  iron  hull,  due  to  the  great  heat- 
conductivity  of  iron  will  always  have  its  sub-surface  part  frozen  over  and  frozen  to  the  surrounding 
ice.  If  the  vessel  freezes  into  the  ice  in  such  a manner  that  a part  of  its  hull  is  in  fast  ice  and  the 
other  part  in  floating  ice.  the  unavoidable  stresses  may  injure  the  hull.  There  have  been  cases 
where  ships  passing  the  winter  alongside  harbor  piers  in  Archangel  have  ignored  these  factors  and 
in  the  spring  tides  have  listed  up  to  25°. 

Tidal  cracks  are  important  also  in  construction  of  all  types  of  roads  and  crossings  on  the  ice. 
A particular  type  of  construction  is  required  which  will  assure  a smooth  descent  and  ascent  from 
the  shore  and  return.  This  is  particularly  important  in  laying  of  railroad  lines.  In  fact,  the  sharp 
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Figure  119.  Ice  profile  on  the  Kuznechika  River  from  the  pier  of 
Ekonomia  to  the  shoals. 

breaks  unavoidably  created  by  the  great  vertical  fluctuations  of  floating  ice  cannot  be  permitted  for 
railroad  lines.  Therefore,  the  smoothness  of  the  part  of  the  road  which  traverses  the  ice  must  be 
constantly  regulated  by  laying  down  or  removing  special  packings. 

Finally,  tidal  fluctuations  of  ice  are  extremely  harmful  for  piles  which  are  driven  into  the 
bottom  and  which  freeze  to  the  floating  ice.  Each  lowering  of  the  level  usually  causes  only  a slight 
bending  of  the  ice  by  the  pile.  With  every  rise  of  the  level,  the  floating  ice  tries  to  pull  the  pile 
from  the  bottom . 

LITERATURE:  36,  62,  77.  67. 


Section  123.  Tidal  Variations  in  Level  and  Stamukhi 

As  we  have  seen,  stamukhi  are  ice  formations  of  comparatively  large  vertical  dimensions 
which  are  moved  through  the  seas  by  winds  and  currents  and  finally  become  fast  on  shoals  and 
sub-surface  banks. 

Let  us  suppose  that  a huge  ice  block  has  become  fast  on  a certain  shoal  at  low  tide.  It  is 
clear  that  as  soon  as  the  flood  tide  begins,  the  stamukha  will  be  torn  away  from  the  shoal  and 
carried  by  the  flood  tide  to  a slightly  lesser  depth  where  the  start  of  ebb  tide  will  leave  it.  Subse- 
quently the  stamukha  will  continue  to  be  torn  from  a shoal  at  flood  tide  and  left  in  a more  shoal  spot 
at  ebb  tide,  gradually  approaching  a depth  where  it  will  remain  on  the  shoal  even  at  high  tide. 
Obviously,  if  the  stamukha  begins  its  stepwise  approach  to  the  shore  at  neap  tides,  then  at  the 
spring  tides  it  will  again  be  pulled  from  the  shoal  and  move  still  closer  to  the  shore.  The  same 
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may  occur  in  the  case  of  wind-driven  changes  of  level.  As  a result,  the  stamukha  will  attain  a 
stable  position  only  at  the  highest  water  level  of  the  given  region,  whether  tidal  or  wind-driven. 

Along  a shallow  shore  where,  in  addition,  the  tidal  and  wind-driven  variations  of  level  are 
sharply  defined,  the  stamukha  may  travel  considerable  distances  before  it  finally  stops.  It  is 
natural  also  that  as  a result  of  this  travelling,  the  ratio  of  sub-surface  depth  to  height  above  water, 
which  for  ice  blocks  is  about  5,  may  for  the  stamukha  become  equal  to  2 or  even  l.  The  tidal  move- 
ments of  stamukhi  are  particularly  noticeable  in  Mezenski  Gulf  where  the  flood  tides  are  great  and 
where  the  spring  tide  amplitudes  are  several  times  greater  than  those  of  the  neap  tides. 

In  high  latitudes  the  stamukhi  are  massive  formations  and  many  of  them  survive  the  short 
polar  summer.  While  the  tides  assist  in  increasing  the  size  ami  solidity  of  the  stamukhi  in  winter, 
in  the  summer  they  assist  in  destroying  them.  1'irst  of  all  they  strongly  altertheir  shape.  Actually, 
in  the  course  of  time  the  fluctuations  of  level  and  accompanying  tidal  currents  wash  away  a hollow 
at  the  height  of  the  variations  of  level.  This  hollow  girdles  the  stamukha  on  all  sides  at  a height 
somewhat  greater  than  the  amplitude  of  the  tide  and  is  bordered  from  above  by  a sharply  traced 
cornice  and  from  below  by  a rounded  base  washed  by  the  water.  The  hollow  which  encircles  the 
stamukha  gradually  penetrates  deeper  and  deeper  into  the  ice  and  the  stamukha  acquires  its 
characteristic  mushroom  shape  with  fanciful  outlines. 

If  the  stamukha  sits  near  a shore  which  is  open  to  wave  movement  the  action  of  the  tidal 
fluctuations  in  level  is  considerably  strengthened  but  the  cornice  is  quickly  destroyed  by  the  shock 
of  the  waves  and  the  cap  of  the  mushroom  becomes  considerably  smaller  than  its  base.  In  places 
shut  off  from  wave  movement  the  cap  of  the  mushroom  keeps  its  dimensions  for  a long  time  and  the 
cornice  crumbles  away  only  due  to  its  own  weight. 

Stamukhi.  as  we  have  seen,  consist  of  extremely  heterogenous  ice  floes  cemented  together 
by  freezing  of  thaw  water  mixed  with  snow . Therefore,  their  individual  parts  represent  formations 
of  diverse  durability  and  present  different  resistance  to  the  washing  action  of  the  water.  In  this 
connection,  the  stamukhi  are  washed  by  the  water  in  many  different  ways.  The  upper  cap  may  rest 
on  one  or  several  pillars  so  that  transverse  grottoes  and  bridges  are  formed  in  the  stamukha.  These 
shapes  are  especially  diverse  when  the  stamukhi  are  located  in  places  closed  off  from  wave  move- 
ment where  the  upper  cap  can  lie  retained  longest. 

LITERATURE:  62.  77. 


Section  124.  Tidal  Movements  of  Sea  Ice 

Due  to  the  influence  of  the  tide,  floating  ice  is  in  constant  movement  and  it  traces  ingenious 
patterns.  Individual  fields  and  ice  tloes  sometimes  collide,  press  together  and  hummock  up.  some- 
times drift  apart  and  become  sparse.  The  greater  the  tidal  amplitude  in  the  given  region  the  more 
sharply  are  these  movements  defined.  With  spring  tides  they  are  greater  than  with  neap  tides,  and 
in  calm  or  weak  wind  conditions  they  are  clearer  than  in  strong  winds. 

During  the  drift  of  the  icebreaker  Lev  in  in  the  southwestern  part  of  the  laptev  Sea  In  the 
winter  of  1937-38  some  interesting  observations  of  tidal  movements  of  ice  were  made.  The  shal- 
low depth  of  the  drift  region  (about  45  m)  permitted  the  use  of  an  extremely  simple,  but  at  the  same 
time  accurate,  method  of  determination  of  elements  of  drift,  namely,  by  the  length  of  a paid-out 
line. 
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There  were  2,022  such  determinations  made.  Hourly  wind  observations.  137  observations 
of  pressure  of  ice,  6 daily,  12  twice-daily  and  30  serial  oceanographic  observations,  as  well  as 
numerous  instrumental  observations  of  current,  enabled  them  to  throw  light  on  the  dynamics  of  the 
drift  of  ice  with  great  thoroughness. 

Storozhev  notes  that  all  the  observations  of  the  icebreaker  Len  in  show  that  the  drift  of  ice 
due  to  tidal  currents  in  the  Laptev  Sea  is  4 to  6 hours  later  and  its  speed  smaller  than  the  tidal 
currents.  As  a result  of  such  great  retardation  compared  with  the  semi-diurnal  tidal  current  which 
occurs  in  the  Laptev  Sea,  an  almost  opposite  current  is  observed  at  a slight  depth  in  the  sea.  In  the 
case  of  weak  ice  drift  and  strong  tidal  currents,  the  top  surface  of  the  layer  of  opposite  currents 
rose  almost  to  the  surface  of  the  sea;  with  strong  drift  and  weak  currents  it  descended  deeper. 

In  the  course  of  a day  the  ice,  as  well  as  the  tidal  currents,  described  closed  curves,  coun- 
terclockwise near  the  mouth  of  Khatangski  Gulf  and  clockwise  in  the  central  part  of  the  sea,  far 
from  the  distorting  effect  of  the  shores.  The  speed  of  the  tidal  drift  of  ice  reached  1.3  knots  along 
the  shores.  The  speed  of  the  tidal  drift  of  ice  reached  1.3  knots  along  the  shores  and  only  0.7  knots 
in  the  open  part  of  the  sea.  The  effect  of  tides  on  the  drift  of  ice  was  especially  sharply  felt  in  the 
spring  tides  and  with  little  wind.  However,  even  during  winds  of  average  force  the  tidal  movements 
were  well  marked. 

Figure  120  shows  (according  to  Storozhev),  with  progressive  vectors  for  various  hours  of 
lunar  time,  the  tidal  currents  at  the  surface  of  the  sea,  at  15  m,  and  at  the  bottom,  observed  at  the 
mouth  of  the  Khatangski  Gulf  at  74°  44'  north,  112°  38'  east.  Figure  121  shows  the  tidal  currents 
at  the  surface  of  the  sea  and  at  the  bottom  in  the  open  part  of  the  sea  at  75°  26'  north,  122°  20'  east. 
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Figure  120.  Semidiurnal  tidal  currents  in  the  Laptev  Sea  at  74°  44'  north, 

112°  38'  east,  24  and  25  November  1937. 

The  observations  of  the  icebreaker  Lenin  are  valuable  for  their  completeness.  They  have 
verified  previous  observations.  The  basic  conclusions  which  may  be  drawn  from  the  Len  in  obser- 
vations and  from  others  are  as  follows; 

1.  In  the  open  parts  of  the  sea  the  tidal  drift  of  ice  in  the  northern  hemisphere  is  in  a clock- 
wise direction.  Exceptions  to  this  rule  may  often  be  observed  near  the  shores. 

2.  The  speeds  of  tidal  movements  of  ice  are  considerably  less  than  the  speed  of  the  tidal  cur- 
rents observed  under  the  ice  and  considerably  less  than  the  speed  of  surface  tidal  currents  observed 
in  the  same  region  in  the  absence  of  ice. 
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Figure  121.  Semidiurnal  tidal  currents  In  the  Laptev  Sea  at  75"  2<i'  north. 

122"  'JO'  east.  7 to  !)  February  19;t8. 

:t.  Tidal  movements  of  tee  and  tidal  currents  at  a depth  under  the  tee  do  not  coincide  In 
direction  and  sometimes  may  he  directly  opposite. 

l.ITFHATDHF  77.  120. 

Section  125.  Pressing  Together  and  Thinning  Out  of  Ice 
Due  to  Tides 

As  has  already  been  noted,  tidal  movements  of  lee  cause  pressures  forcing  the  floes  together 
or  driving  them  apart. 

Nansen  notes  in  his  diary,  on  111  (Vtoher  1893.  that  arctic  explorers  have  re|K<aledly  emphu 
sized  the  connection  between  compression  of  ice  and  the  tides.  He  stales  that  according  to  obser- 
vations of  the  1 the  tidal  compression  was  especially  noticeable  in  the  spring  tides  and  was 
greater  at  new  moon  than  at  full  moon.  During  the  course  of  2-1  hours  the  lee  was  twice  pulled 
apart  and  twice  pushed  together.  In  the  neap  tides  the  tidal  pressures  were  nearly  Imperceptible. 

In  addition.  Nansen  shows  that  the  tidal  pressures  attained  their  greatest  force  and  regularity  at  the 
start  of  the  drift,  near  the  open  sea  to  the  north  of  Siberia,  and  at  the  end  of  the  drift  when  the 
; ?m~,  was  approaching  Die  Greenland  Sea.  In  the  Arctic  liastn  proper  these  phenomena  were 
Imperceptible.  Kxaetl.v  similar  occurrences  were  noted  on  the  .SW.-p  during  its  drift  across  the 
Arctic  (Venn. 


It  must  la'  noted  that  the  increased  tidal  pressures  at  the  start  of  the  drift  of  the  and 

.■'Yd.'."  are  properly  explained  not  so  much  by  their  proximity  at  that  time  to  a sea  free  of  Ice.  as 
by  the  fact  that  they  were  then  over  the  continental  slope,  where  the  tides  are  more  sharply  defined 
(due  to  sharp  change  of  depth)  than  they  are  over  the  level  depths  of  the  ocean.  ♦ 

Figure  122  shows  the  movements  of  particles  along  the  vertical  and  the  outer  form  of  a 
regular  tidal  wave.  From  examination  of  the  figure  it  may  be  aeon  that  at  point  .1  . where  the 


♦Tidal  pressures  in  regions  of  strong  tides  present  a considerable  danger  to  navigation  For 
example,  on  7 February  1944  the  steamship  leaving  Nagayevo  Hav  accompanied  by  a line 

Icebreaker,  was  crushed  by  the  Ice  at  58°  2tF  north.  Ifil"  2«’  east  The  winds  at  this  time  were 
weak  but  there  were  spring  tides.  It  Is  well  known  that  the  amplitudes  of  the  tide  are  very  great 
along  tlu>  northern  shore  of  the  Okhotsk  Sea.  For  example.  In  Nagayevo  Hay  the  amplitude  of  the 
tide  reaches  4.3  m and  In  t'enzhlnskaya  Gulin  It  Increases  to  11.3  m. 


change  from  flood  tide  current  to  ebb  tide  occurs,  the  currents  go  apart  and  the  deep  layers  rise 
toward  the  surface  and  the  ice  consequently  thins  out.  At  point  b,  on  the  other  hand,  the  currents 
come  together,  the  deep  layers  drop  down  and  the  ice  presses  together. 


Figure  122.  Diagram  of  movement  of  particles  along  a vertical  section  for  a tidal  wave. 

If  we  closely  examine  figure  122,  which  is  typical  of  normal  tide,  we  sec  that  at  the  point  of 
high  water  (point  c)  the  flood  tide  current  attains  its  greatest  speed,  at  point  i its  speed  is  less,  at 
point  b it  is  equal  to  zero,  at  point  e the  ebb  current  has  already  startl'd,  reaching  its  maximum 
speed  at  point  /,  etc.  From  this  it  follows  that  the  ice  between  points  c and  f will  lag  behind  the 
ice  which  is  located  at  the  same  moment  at  point  c.  Consequently,  on  this  whole  section  of  the 
profile  of  the  flood-tide  wave,  a thinning  of  ice  is  observed,  which  reaches  its  maximum  at  point  : 
where  the  currents  move  apart.  Analogously,  on  the  section  of  the  profile  c bf,  the  ice  is  carried 
along  towards  point  /■  by  the  tidal  currents  from  both  sides,  and  at  point  b the  compression  is  most 
intense.  The  simple  diagram  shown  in  figure  122  is  greatly  distorted  by  the  shores. 

I.ong  ago  1 have  shown  that  a line  which  joins  points  of  the  sea  in  which  changes  of  currents 
occur  simultaneously  will  be  parallel  to  the  line  of  the  front  of  the  tidal  wave,  or  in  other  words, 
the  cotidal  lines.  * 

It  is  also  obvious  that  the  forces  which  drive  the  floes  together  or  apart  are  especially  sharply 
defined  at  the  point  where  the  floating  ice  meets  the  shore  or  the  fast  ice. 

If  a tidal  wave  enters  a strait  whoso  depth  gradually  decreases  towards  the  shore  (which  is  the 
most  usual  case),  the  actual  appearance  and  location  of  clear  spaces  of  0|>cn  water  becomes  compli- 
cated. Actually,  the  speed  of  the  tidal  wave  is  directly  proportional  to  the  square  root  of  the  depth 
of  the  region.  It  follows  that  the  position  of  the  crest  of  the  tidal  wave  in  such  a strait  will  lie 
slightly  curved,  with  the  convex  side  in  the  direction  of  movement  of  the  tidal  wave.  It  thus  happens 


•In  December  1942  during  the  drift  of  the  trawler  ti.r>  along  the  Zinnl  shore  of  the  Willie  Sen  It 
was  noticed  that  the  open  water  spaces,  during  the  tidal  thinning  of  ice.  extended  approximately 
perpendicular  to  the  tidal  currents. 


that  hi^h  tide  md  low  tide  do  not  occur  simultaneously  along  a transverse  section  of  the  strait  and 
this  causes  the  difference  in  time  of  change  of  current.  For  example,  while  the  flood  tide  is  still 
continuing  along  the  shore,  the  eW»  tide  may  already  have  begun  in  the  central  part  of  the  channel, 
etc  These  facts  .is  well  as  the  influence  of  the  deflecting  force  of  the  earth's  rotation,  have  a 
substantial  effect  on  the  direction  of  the  tidal  currents. 

rb  Here nt  times  of  start  of  flood  tide  and  change  of  tidal  current,  the  channel  currents  and 
comp.  ,t  . .ng  currents  caused  by  this,  ami  likewise  the  currents  caused  by  the  deflecting  force  of 
the  earth's  rotation  all  these  bring  about  the  meeting  of  currents  of  different  directions,  as  a 
result  ol  which  eddies  and  whirlpools  are  formed. 

I lie  complexity  of  these  phenomena  in  nature  hardly  permits  the  making  of  appropriate  theo- 
retical calculations.  iKmously.  direct  observations  in  such  a case  can  be  of  inestimable  value. 

The  broad  observations  made  during  the  drift  of  the  icebreaker  Lrn  in  verified  the  correct- 
ness of  the  considerations  which  I have  discussed. 

It  is  clear  that  the  winds,  which  also  bring  about  compression  and  thinning  of  ice.  strongly 
distort  these  phenomena  This  is  especially  true  in  the  case  of  strong  winds  and  also  for  changing 
winds.  Storo/hev  has  noted  (ami  this  is  new  and  important  in  the  study  of  drift  of  ice  in  the  Laptev 
Sea),  is  a result  of  observations  of  the  drift  of  the  icebreaker  Lt'n  in.  that  there  is  a relationship 
between  direction  of  wind  and  the  hastening  and  retarding  of  tidal  pressures  relative  to  the  theoret- 
ical times. 

For  example,  it  was  determined  that  winds  of  a northerly  direction  hasten  the  start  of  tidal 
compression  of  ice  and.  conversely,  retard  the  start  of  thinning  of  ice.  Winds  of  a southerly  direc- 
tion have  the  opposite  effect.  Winds  of  a westerly  direction  hasten  the  start  of  compression  and  also 
lengthen  its  duration.  These  winds  also  retard  the  start  of  thinning.  Winds  of  over  7 to  8 m/sec  can 
independently  cause  compressions  destroying  the  orderly  system  of  tidal  compressions, 

Storozhev  notes  at  the  same  time  that  the  maximum  height  of  hummocks  which  formed  as  a 
result  of  tidal  pressures  lasting  not  over  2 to  3 hours  did  not  exceed  2.5  to  3 ni  while  the  greatest 
observed  height  of  hummocks  was  up  to  8 m. 

It  was  also  noted  that  the  pressure  ridges  in  the  Laptev  Sea  are  extended  from  west  to  east  in 
the  central  part  of  the  sea  and  from  west  northwest  to  east  southeast  in  the  southwestern  part  of  the 
sea.  This  agrees  with  the  position  of  cotidal  lines  of  the  sea. 

During  a flight  over  the  Laptev  Sea  from  the  icebreaker  to  Tiksi  Hay  in  early  April  1938 
Storozhev  testifies  that  clearly-defined  open  water  spaces  were  seen  in  strips  and  also  pressure 
ridges  with  predominant  direction  along  the  cotidal  lines. 

LITERATURE:  5-4.  55.  ti2.  77.  107,  126. 

Section  126.  The  Concept  of  Ice  Time 

The  changes  of  tidal  compression  and  thinning  have  long  been  used  in  navigation  in  ice  fields. 
For  example,  we  had  to  use  the  tidal  thinning  effect  for  movement  forward  during  navigation  in  ice 
on  the  fragile  motor-sail  ship  • •;’iu'fcft  while  rounding  Franz  Joseph  Land  in  1932.  During  the 
approach  from  the  east  towards  Franz  Joseph  Land  through  solid  ice  on  the  icebreaker  5 : >ov  in 
1935  we  also  made  broad  use  of  this  phenomenon. 


In  both  cases,  with  calm  conditions,  the  tidal  compressions  and  thinnings  occurred  alter- 
nately with  amazing  regularity  and  we  could  count  on  them  in  advance.  This  fact  gave  me  reason  to 
propound  the  concept  of  "ice  time."  By  this  is  understood  the  average  time  interval  between  the 
time  of  upper  meridian  passage  of  the  moon  and  the  next  following  compression  of  ice  in  the  given 
point  of  the  sea.  Thus,  the  concept  of  "ice  time"  is  analogous  to  the  concept  of  "high  water  luni- 
tidal  interval,"  by  which  is  understood  the  average  time  interval  between  meridian  passage  of  the 
moon  and  the  following  high  tide. 

Just  as  the  lunitidal  interval  for  every  port  is  determined  by  observations,  and  the  longer 
the  series  of  observations  the  greater  the  accuracy,  so  also  for  determination  of  ice  time  appro- 
priate observations  are  necessary.  In  determining  the  lunitidal  interval  all  cases  of  wind-caused 
raising  of  level  must  be  excluded.  Likewise,  in  determining  the  ice  time,  cases  of  wind  compres- 
sion of  ice  must  be  excluded. 

After  the  ice  time  is  determined  for  a number  of  points  of  the  region  under  investigation  we 
are  able  to  plot  the  lines  of  simultaneous  flood-tide  compression  in  the  given  region,  or  the  "ice 
lines.  " in  exactly  the  same  way  as  we  plot  the  cotidal  lines--lines  of  simultaneous  high  tide  or 
lines  of  position  of  the  crest  of  the  tidal  wave  in  lunar  hours  counting  from  the  time  the  moon 
passes  through  the  meridian  in  the  given  place. 


TABLE  96.  INTERVAL  BETWEEN  FLOOD- TIDE  TO 

EBB-TIDE  MOVEMENT  OF  ICE  RELATIVE 
TO  CULMINATION  OF  MOON  (MERIDIAN 
PASSAGE)  IN  THE  LAPTEV  SEA 

Date  Interval 


25  November  1937 

2 December  1937 
9 December  1937 

18  December  1937 

26  December  1937 
7 January  1938 

11  January  1938 
15  January  1938 

19  January  1938 

3 February  1938 

7 February  1938 

8 February  1938 
14  February  1938 
17  February  1938 


8 h 16  min 

9 h 17  min 
8 h 16  min 
8 h 14  min 
7 h 34  min 

5 h 50  min 
7 h 14  min 

6 h 00  min 

7 h 13  min 

6 h 15  min 

7 h 19  min 

5 h 14  min 

6 h 45  min 
6 h 13  min 


Average 7hll  min 

In  table  96,  extracts  are  given  from  the  table  computed  by  Storozhev  from  which  it  may  be 
seen  that  the  change  from  flood-tide  to  ebb-tide  drift  of  ice — which  corresponds  to  the  thinning  of 
the  ice — occurred  on  the  average  of  7 hours  11  minutes  after  the  culmination  (meridian  passage)  of 
the  moon.  This  time  interval  must  be  considered  as  the  ice  time  for  the  drift  region  of  the  ice- 
breaker Lenin  . 

LITERATURE:  54,  77,  126. 
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Section  127.  Significance  of  Tidal  Phenomena  in  Navigation  in  Ice 

Several  examples  have  already  been  cited  of  the  possibility  or  even  necessity  of  using  the 
periodic  tidal  phenomena  for  navigation  among  ice  floes. 


The  greatest  need  for  this  is  experienced  in  a sea  like  the  White  Seu.  Here  the  tidal  phenom- 
ena are  sharply  defined  and  navigation  in  certain  years  continues  throughout  the  entire  winter,  thus 
encompassing  all  the  phases  of  the  ice  cover  (its  formation,  period  of  existence,  and  destruction) 
and  where  navigation  is  carried  on  under  diverse  ice  conditions  (in  fast  ice  and  among  floating  ice). 

A very  typical  example  of  navigation  in  fast  ice  was  the  navigation  in  the  channel  made  by  ice- 
breaker in  the  mouth  of  the  Severnaya  Dvina,  along  the  Malmaksa  River  and  along  the  Severnaya 
Dvina  up  to  Bakaritsa. 

It  must  be  considered  that  although  the  floating  ice  is  here  divided  from  the  ice  frozen  to  the 
shore  by  a tidal  crack,  the  channel  made  by  the  icebreaker  divides  the  floating  ice  into  two  parts  to 
a considerably  greater  degree  than  the  tidal  cracks  divide  floating  ice  from  the  shore.  Therefore, 
with  every  rise  of  the  river  level  due  to  high  tide  to  effect  of  wind  the  channel  expands  slightly  and, 
contrarlly.  with  every  fall  of  the  level  it  contracts  slightly.  From  this  it  follows  that  it  is  easier 
for  the  icebreakers  to  break  the  channel  and  conduct  ships  along  it  when  the  level  is  up  than  when  it 
is  down. 

The  situation  on  the  border  of  the  fast  ice  and  floating  ice  is  no  less  typical.  Here  much  de- 
pends on  the  direction  of  the  edge  of  the  fast  ice  relative  to  the  front  of  the  tidal  wave,  or  in  other 
words,  relative  to  the  direction  of  cotidal  lines  in  the  given  region. 

In  the  case  of  the  mouth  of  the  Severnaya  Dvina  and  the  Letini  shore  of  the  Dvinski  Gulf,  the 
cotidal  lines,  extending  from  east  to  west,  approach  these  points  from  the  north.  Thus,  at  the 
mouth  of  the  river  with  the  start  of  ebb-tide  there  begins  a gradual  receding  from  the  edge  of  the 
fast  ice  and  a thinning  of  the  floating  ice  reaching  its  maximum  at  the  time  of  change  from  ebb  to 
flood-tide  and  sometimes  making  a sharply  defined  polynya  bordering  the  fast  ice.  For  example, 
such  polynyas  50  to  80  m in  width,  were  found  bv  air  reconnaissance  on  22  January  1942  at  the 
mouth  of  the  Severnaya  Dvina.  It  is  by  no  means  possible  to  explain  their  presence  by  winds  since 
for  several  days  before  this  the  prevailing  winds,  although  weak,  had  been  of  northerly  components. 

As  the  flood  tide  develops,  the  thinning  of  ice  is  gradually  eliminated  and  by  the  end  of  flood 
tide  the  floating  ice  approaches  close  to  the  fast  ice  creating  the  flood-tide  compression  and  some- 
times causing  hummock  formation. 

Along  shores  which  extend  in  the  direction  of  propagation  of  the  tidal  wave,  as  for  example 
along  the  Zimni  shore  of  the  White  Sea,  the  tidal  compressions  and  thinnings  occur  according  to  the 
general  rules,  that  is,  the  thinning  begins  with  the  start  of  slowing  of  the  flood-tide  current,  reaches 
its  maximum  at  the  change  from  flood-tide  current  to  ebb-tide  and  then  the  floes  gradually  begin  to 
come  together.  At  the  point  of  change  from  ebb-tide  current  to  flood-tide  the  maximum  compres- 
sion occurs.  All  these  changes  in  the  entire  expanse  occur  with  the  speed  of  propagation  of  the 
tidal  wave. 

Keeping  in  mind  the  recorded  phenomena  and  the  fact  that  the  tidal  currents  are  stronger 
when  the  amplitude  of  the  tide  is  greater,  we  may,  for  example,  compare  the  navigational  condi- 
tions among  the  ice  floes  in  the  neck  of  the  White  Sea  along  the  Ter  ski  and  Zimni  shores. 
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It  is  considered  that  navigation  Is  generally  more  advantageous  along  the  Terski  shore  for  two 
reasons:  first,  the  Terski  shore  is  deeper  and  there  ure  fewer  sub-surface  dangers  along  It;  sec- 
ond, In  the  neck  of  the  White  Sea  In  winter  westerly  and  south-westerly  winds  prevail  which  act  as 
decompressive  winds  for  the  Terski  shore.  To  this  must  bo  added  the  fact  that  the  Terski  shore  Is 
the  right-handed  shore  with  relation  to  the  direction  of  propagation  of  flood-tide  waves  which  enters 
the  neck  of  the  White  Sea  from  the  north.  It  follows  that  theoretically  (and  this  is  verified  by  direct 
observations)  the  tidal  amplitudes  are  greater  on  the  Terski  shore  than  on  the  Zlmnl  shore.  Thus, 
the  tidal  compressions  and  thinnings  are  more  sharply  defined  along  the  Terski  shore.  As  a result, 
the  ice  is  more  broken  here  and  navigation  by  correct  use  of  tidal  thinning  is  easier.  For  the  same 
reason,  navigation  in  the  ice  is  more  difficult  along  the  Zlmnl  shore  than  along  the  Letni  shore, 
other  conditions  being  equal.  The  influence  of  the  decompressive  south  winds  is  felt  even  more 
along  the  Letni  shore  than  along  the  Terski  shore.  It  must  be  further  noted  that,  other  conditions 
being  equal,  travel  from  the  Barents  Sea  into  the  White  Sea  (with  ubo  of  tidal  phenomena)  is  in  the 
same  direction  as  the  propagation  of  the  wave.  It  follows  that  during  the  compressions  the  vessel 
will  drift  along  with  the  ice  into  the  White  Sea  and  during  the  thinnings  the  vessel  will  go  against  the 
White  Sea  into  the  Barents  Sea.  The  vessel  is  carried  backwards  during  the  compressions  and  dur- 
ing the  thinning  it  goes  along  with  the  ebb-tide  current. 

The  speed  of  propagation  of  the  tidal  wave  is  determined  by  the  equation  of  Lagrange  and  Airy, 
as  follows: 


o2  = gp, 

where  g = acceleration  of  gravity. 
p = depth  of  water. 

Employing  the  approximate  values  for  the  neck  of  the  White  Sea,  p - 40  m and  a - 10  m/sec“, 
we  obtain 


c = 20  m/sec  = 72  km/hr  = 39  knots 

The  spreading  from  Barents  into  the  White  Sea  occurs  with  approximately  this  same  speed 
not  only  for  the  crest  of  the  tidal  wave  but  also  for  any  point  of  its  form  and  in  particular  the  point 
where  the  flood  tide  changes  to  ebb  tide,  or  in  other  words,  the  point  where  the  maximum  thinning 
of  ice  is  observed. 

From  this  it  follows  that  if  we  could  assume  that  a ship  could  travel  among  the  ice  with  a 
speed  of  39  knots,  then,  while  going  from  the  Barents  into  the  White  Sea  it  could  continually  travel 
in  ice  thinned  by  tidal  action.  Obviously,  we  cannot  make  the  same  assumption  for  the  case  of 
sailing  from  the  White  Sea  into  the  Barents.  Thus,  the  tidal  factors  are  favorable  for  navigation 
from  Barents  to  White  Sea  and  are  unfavorable  in  the  reverse  direction.  To  the  above  must  be 
added  the  fact  that  navigation  from  the  Barents  to  the  White  Sea  is  more  favorable  along  the  Terski 
shore  for  the  added  reason  that  a gentle  permanent  current  runs  from  the  Barents  Sea  along  this 
shore  while  along  the  Zimni  shore,  on  the  other  hand,  there  is  a permanent  current  from  the  White 
Sea,  It  is  clear  that  wind  conditions  can  radically  alter  the  picture  presented  above. 

LITERATURE:  54,  55.  62.  77. 
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Section  128.  Tidal  Ice  Maps 

It  is  clear  that  tidal  compressions  and  thinnings  of  ice  are  particularly  characteristic  in 
narrow  straits  with  very  fast  tidal  currents  and  jagged  shores  and  irregular  bottom  relief.  Due  in 
the  periodicity  of  currents  and  resulting  large  horizontal  gradients  of  speed,  the  water  here  moves 
with  great  diversity  of  speed  and  direction  in  closely  adjacent  points  so  that  the  deep  water  is  there- 
by raised  and  lowered.  Wherever  the  deep  masses  are  raised  upwards,  a thinning  of  ice  is  observed 
and  wherever  the  surface  layers  are  forced  down  an  accumulation  of  floes  is  found.  With  the  change 
from  flood-tide  to  ebb-tide  the  picture  may  change  to  the  reverse  in  certain  regions  but  in  other 
regions  it  remains  permanent  and  typical  for  the  given  region. 

As  an  example,  figure  123  shows  one  of  the  diagrams  compiled  by  Burke  for  the  neck  of  the 
White  Sea  for  3 hours  after  high  water  at  Sesnovets  Island.  The  diagram  was  compiled  on  the  basis 
of  the  "Atlas  of  Tidal  Currents  in  the  neck  of  the  White  Sea"  and  of  Burke's  personal  observations. 

Burke  shows  that  a peculiarity  of  the  ice  cover  in  the  neck  of  the  White  Sea  is  its  turbulent 
condition  due  to  the  strong  tidal  currents. 

The  wind  is  a second  factor  in  the  movement  of  ice.  However,  despite  the  wind  action,  the 
regular  tidal  shifting  of  ice  is  not  completely  upset  but  only  altered. 

In  the  region  under  consideration,  the  ice  as  a general  rule  is  thinned  by  the  ebb-tide  current 
running  north  and,  conversely,  is  concentrated  or  pressed  together  by  the  flood-tide  which  runs 
south.  The  strongest  compression  occurs  in  the  regions  where  the  currents  meet.  Regular  changes 
and  thinnings  of  ice  do  not  occur  in  identical  degree  in  all  regions  of  the  sea.  There  are  regions 
where  close  ice  predominates.  According  to  local  terminology,  such  a region  is  called  a kolol' 
if  it  is  located  along  the  shore  and  an  js  trog  if  it  is  distant  from  the  shore.  There  are  regions, 
called  raadel  i , where  scattered  ice  is  predominant  regardless  of  the  force  and  direction  of  the 
wind. 


The  approximate  positions  of  kolobi,  ostrogi  and  razdeli  in  the  neck  of  the  White  Sea  are 
shown  in  figure  124  (according  to  Burke). 

ft  is  clear  that  such  maps  have  great  importance  in  navigation  in  ice  and  many  delays  and 
failures  can  be  explained  by  the  absence  of  such  maps. 


LITERATURE:  21.  54,  62. 


CHAPTER  X 

SEA  CURRENTS  AND  ICE 

Section  129.  Certain  Peculiarities  of  Sea  Currents 

Sea  currents  are  divided  Into  permanent  currents,  periodic  currents  and  temporary  currents. 
The  permanent  and  periodic  currents  (if  tidal  currents  are  excluded)  determine  the  general  circu- 
lation of  the  oceans  and  seas.  Temporary  currents  only  alter  or  distort  this  circulation. 

Among  the  factors  causing  the  permanent  currents  are  unequal  distribution  and  variations  of 
temperature  and  salinity  and  prevailing  winds.  The  coastal  flow  is  also  a factor  in  the  creation  of 
permanent  currents  in  small  basins.  Temporary  currents  arise  in  connection  with  temporary 
alterations  of  atmospheric  pressure,  temporary  winds,  etc. 

Whatever  the  reasons  causing  the  permanent  currents,  they  are  only  slightly  different  from 
each  other  in  respect  to  the  character  of  their  movements,  i.e. , in  respect  to  the  vertical  distri- 
bution of  speed  and  direction.  They  are  more  substantially  different  in  respect  to  temperature  and 
here  they  are  conditionally  divided  into  warm,  cold,  and  neutral  currents. 

The  temperature  of  a warm  current  is  higher  than  the  water  temperature  created  by  local 
conditions:  the  temperature  of  a cold  current,  lower.  From  this  it  follows  that  the  temperature  of 
a warm  current  is  lowered  as  it  progresses,  while  that  of  a cold  current  is  raised.  One  and  the 
same  current  In  different  geographical  coordinates  may  be  warm,  cold,  or  neutral. 

The  deep  Atlantic  current  is  a warm  current  in  the  Arctic  Basin  where  its  temperature  does 
not  exceed  3*.  The  Peru  current,  running  north  along  the  Pacific  coast  of  South  America  and  hav- 
ing a temperature  of  about  22°  at  the  equator,  is  a cold  current. 

But  warm  currents,  as  a general  rule,  carry  their  water  from  ocean  regions  where  evapora- 
tion exceeds  precipitation.  As  a result,  the  water  of  the  warm  current  is  not  only  warmer  but 
usually  more  saline  than  the  local  water.  This  factor  1s  very  sharply  felt  in  such  currents.  Cold 
currents,  on  the  other  hand,  flow  from  regions  where  the  water  is  freshened  by  precipitation, 
coastal  flow,  and  melting  of  ice.  Typical  examples  of  such  currents  are  the  East  Greenland  and 
Labrador  currents.  Due  to  this,  the  density  of  surface  water  is  very  little  different  for  warm  and 
cold  currents.  However,  the  density  of  surface  strata  of  warm  currents  increases  as  the  tempera- 
ture is  lowered  while  the  density  of  surface  strata  of  cold  currents  decreases  as  the  temperature  is 
raised.  In  such  currents  as  the  East  Greenland  and  Labrador  the  decrease  in  density  of  upper 
layers  assists  in  melting  the  ice  carried  into  or  formed  in  the  sea,  as  well  as  the  icebergs. 

Great  importance  is  attached  to  the  gradual  raising  of  density  of  upper  layers  o:  warm  cur- 
rents bringing  about  convective  mixing  and  thereby  involving  the  entire  water  mass  of  such  a cur- 
ent  in  an  exchange  of  heat  with  the  atmosphere.  The  latter  phenomenon  is  especially  noticeable  In 
the  winter.  As  has  already  been  noted  in  the  chapter  "Melting  of  Ice,"  the  importance  of  the  West 
Spitzbergen  and  Norwegian  currents  and  of  currents  from  the  Pacific  Ocean  is  not  only  due  to  the 
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fact  that  they  carry  a huge  quantity  of  heat  from  solar  radiation  and  advective  heat  of  the  atmos- 
phere during  the  summer  season. 


The  importance  of  the  cold  currents,  particularly  such  as  the  East  Greenland  and  Chuckchee 
currents,  lies  not  only  in  the  fact  that  they  carry  arctic  ice  into  the  warmer  regions,  but  also  in 
the  fact  that  their  surface  layers,  at  the  start  of  freezing,  are  comparatively  fresh  due  to  the 
thawing  of  ice,  their  temperature  is  close  to  the  freezing  point,  and  in  addition,  they  always  carry 
a greater  or  smaller  number  of  ice  fragments--the  cores  of  future  ice  formation. 

The  outline  of  the  coasts  and  the  deflecting  force  of  the  earth's  rotation  have  a great  influence 
on  the  direction  of  the  permanent  currents.  Thus,  in  certain  seas  which  are  bordered  by  fairly 
large  archipelagos  and  which  are  connected  with  other  basins  by  fairly  wide  straits,  very  curious 
circulations  are  produced.  1 have  determined  these  for  the  northern  hemisphere  using  the  follow- 
ing simple  rules: 

1.  In  the  central  part  of  the  basin  a cyclonic  (counter-clockwise)  movement  is  produced. 

The  light  water  (in  vertical  section)  is  driven  out  in  wedge  fashion,  with  the  wide  side  of  the  wedge 
towards  the  shore,  while  the  heavy  deep  water  is  raised  up  in  the  center  of  the  basin  with  the  dome- 
shaped swelling  towards  the  top.  In  certain  cases  (with  thin  surface  layer  and  great  speed  of  cur- 
rent), the  deep  water  may  even  come  up  to  the  surface. 

2.  Around  large  archipelagos  and  islands,  currents  are  created  which  round  the  archipela- 
gos in  a clockwise  direction  (anticyclonic). 

3.  If  you  look  down  the  length  of  sufficiently  wide  strait  and  stretch  your  right  hand  forward 
and  left  hand  back,  the  direction  of  your  outstretched  hands  will  show  the  directions  of  currents 
along  the  corresponding  shores. 

The  greatest  peculiarities  are  found  in  currents  created  by  temporary  winds  when  the  water 
cannot  obtain  the  equilibrium  determined  by  the  coasts  and  the  water  masses  when  not  influenced 
by  the  given  wind.  Theory  and  observations  mark  the  following  factors  in  such  currents: 

1.  In  the  northern  hemisphere  the  surface  wind-caused  current  deviates  towards  the  right  at 
a considerable  angle.  (According  to  Ekman's  theory,  at  a distance  from  the  coast  the  angle  of  de- 
viation is  equal  to  45°  for  all  speeds  of  wind  and  currents  and  for  all  geographic  latitudes).  Near 
the  coasts,  however,  the  current  may  deviate  toward  the  left. 

2.  The  sub-surface  currents  deviate  from  the  surface  current  in  the  same  direction  as  the 
surface  current  deviates  from  the  wind  and  the  speed  of  current  decreases  with  depth  according  to 
the  logarithmic  law. 

3.  The  speed  of  the  surface  current  is  approximately  one  fiftieth  (1/50)  the  speed  of  wind. 

Currents  similar  to  wind-caused  currents  are  created  under  ice  fields  which  are  drifting 
under  the  force  of  shortlived  winds. 

It  must  be  emphasized  that  the  aforementioned  peculiarities  are  characteristic  only  of  wind- 
caused  currents,  i.e. , those  created  by  temporary  winds  where  the  sea  level  is  not  yet  inclined 
under  influence  of  deflective  force  of  the  earth's  rotation.  In  currents  which  are  caused  by  per- 
manent or  prevailing  winds,  as  for  example  the  North  Atlantic  Drift  and  the  East  Greenland  current 
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(which  1 term  "drift  currents"  as  distinguished  from  wind-caused  currents),  the  light  surface 
water  due  to  deflective  force  of  earth's  rotation  is  forced  towards  the  right-hand  shores  (looking 
down  the  current),  sea  level  is  raised  in  the  direction  of  the  shore  and  the  direction  of  currents 
along  the  vertical  is  almost  unchanged. 

LITERATURE:  57,  62,  77. 

Section  130.  Movement  of  Ice  in  Sea  Currents 

The  movement  of  ice  floes  which  have  the  largest  part  of  their  volume  submerged  in  the 
water,  in  the  absence  of  wind,  is  determined  by  the  direction  and  speed  of  the  currents  of  the  given 
region  of  the  sea  and  has  the  following  peculiarities: 

1.  Individual  ice  formations  (icebergs,  floebergs)  sometimes  have  considerable  draft.  Obvi- 
ously, such  an  ice  formation  will  move  according  to  the  resultant  movement  of  the  water  layers  in 
which  it  is  submerged. 

2.  The  circulation  of  water  masses  includes  both  the  horizontal  and  the  vertical  movement  of 
water.  It  is  natural  that  the  ice,  participating  as  it  does  in  only  the  horizontal  movements,  in  cer- 
tain cases  will  move  separately  from  the  movement  of  the  surface  water. 

3.  The  areas  occupied  by  ice,  as  well  as  the  horizontal  dimensions  of  individual  floes, 
undergo  seasonal  changes  and  long-term  changes.  Therefore,  the  ice  movement  in  rivers  may 
experience  interruptions  (ice  formation,  blocking,  etc.),  depending  on  local  conditions. 

As  a general  rule,  the  speed  of  sea  currents  gradually  decreases  with  depth.  Therefore,  the 
greater  the  draft  of  the  ice,  the  slower  its  movement  by  comparison  with  movement  of  surface 
water.  Thus  the  icebergs  and  floebergs  which  sit  deep  in  the  water  usually  move  slower  than  the 
surrounding  fragments  of  the  broken  ice  fields  and  from  the  side  it  sometimes  seems  that  they  are 
completely  without  movement,  as  if  they  were  sitting  on  a shoal.  It  is  due  to  this  that  surf  may 
often  be  seen  at  the  ends  of  some  icebergs  and  this  creates  the  impression  of  movement.  Since  in 
some  few  cases  the  deep  currents  may  be  distinctly  different  from  the  surface  currents  in  both 
speed  and  direction,  and  may  even  be  in  an  opposite  direction,  icebergs  and  floebergs  may  some- 
times be  observed  drifting  across  or  even  against  the  current. 

Ice  formations  of  large  horizontal  dimensions  may  drift  into  an  area  where  there  are  two  sur- 
face currents  which  are  different  in  speed  and  direction.  In  such  cases  the  ice  acquires  a rotary 
movement  along  with  the  forward  movement.  This  occurrance  is  especially  typical  in  compara- 
tively narrow  straits  and  where  many  eddies  and  whirlpools  are  formed.  Rotating  ice  is  constantly 
observed  in  the  Datski  Straits,  Khinlopen  Straits,  Straits  of  Franz  Joseph  Land,  neck  of  the  White 
Sea,  and  in  other  straits  We  have  seen,  in  particular,  that  the  rotation  of  ice  by  sea  currents  has 
been  proven  for  the  ice  of  the  Chuckchee  Sea . 

The  fact  that  the  circulation  of  water  masses  includes  both  horizontal  and  vertical  shifting  of 
water  while  the  Ice  can  move  only  in  a horizontal  direction  results  in  an  accumulation  of  ice  wher- 
ever there  are  points  or  lines  of  junction  of  sea  currents  in  which  the  surface  water  layers  are  de- 
scending. Conversely  in  points  or  lines  of  divergence  of  sea  currents  we  observe  a thinning  of  sea 
ice  and  formation  of  polynyas.  This  phenomenon  may  be  permanent,  periodic,  or  temporary. 

Since  every  movement  in  the  northern  hemisphere  deviates  to  the  right  and  in  the  southern 
hemisphere  to  the  left,  due  to  Coriolis  force,  every  current  which  washes  a right-hand  coast  in  the 
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northern  hemisphere  curries  ice  towards  the  shore  and  creates  an  accumulation  of  floes  and  a 
compression.  Conversely,  a current  which  washes  a left  coast  carries  the  ice  from  the  shore  and 
sets  up  a thinning  action  forming  polynyas.  In  open  parts  of  the  sea,  due  also  to  Coriolis  force,  in 
the  center  of  the  anticyclonic  currents  where  the  water  masses  descend,  accumulation  of  ice  occurs 
with  resulting  compression.  In  the  center  of  the  cyclonic  currents  we  observe  sparse  ice  and  on  the 
periphery,  close  ice. 

ltegions  of  sinking  and  rising  of  water  masses,  causing  corresponding  accumulations  or  thin- 
ning of  ice,  are  also  formed  along  the  lines  of  contact  of  sea  currents  of  opposite  direction.  Sink- 
ing results  from  meeting  of  these  currents,  rising  from  separation  or  moving  away  from  each 
other.  The  formation  of  many  ice  massifs  and  their  appearance  even  in  the  summer  months  of 
years  of  little  ice  is  explained  by  precisely  these  existent  systems  of  sea  currents. 

Examples  of  such  massifs  are  the  Spitsbergen  massif  in  the  northwestern  part  of  the  Barents 
Sea,  the  Nova  Zemlya  massif  in  the  southwestern  part  of  the  Kara  Sea,  the  Taimyr  massif  which 
extends  to  the  south  along  the  axis  of  the  deep  hollow  from  the  north  into  the  Laptev  Sea,  the  Yanski 
massif  which  blocks  the  western  entrance  to  Laptev  Straits  at  the  start  of  summer  navigation,  and 
others.  In  regions  of  calm  the  ice  also  lasts  very  long  in  the  summer  time,  but  here  the  typical 
mark  of  the  ice  massif— compactness  of  lce--is  usually  less  clearly  noticed.  In  the  melting  and 
destruction  process  the  percentage  of  ice  decreases  at  more  or  less  an  equal  rate. 


Figure  125.  Thinning  of  ice  behind  shoals. 


Figure  125,  borrowed  from  Burke,  shows  the  formation  of  thinned  areas  and  polynyas 
behind  shoals  which  lie  in  the  path  of  permanent  currents.  Even  more  sharply  noticeable  are  the 
thinnings  and  polynyas  behind  islands  which  lie  in  the  path  of  the  currents. 

Of  great  interest  Is  the  formation  of  thinned  areas  and  polynyas  in  the  regions  where  the 
speed  of  permanent  currents  is  increased  for  one  reason  or  another.  For  example,  here  is  what 
Badigln  notes  in  his  diary  during  the  drift  on  the  -Y,i  m\  The  ship  was  at  that  time  at  86°09' 
north,  96°00’  east.  'To  our  west  a clear  area  opened  up  of  unprecedented  proportions.  This 

was  a whole  lake  over  a kilometer  in  width.  Its  length  extended  to  the  limits  of  visibility 

The  clear  area  appeared  a few  days  ago Now  the  width  of  the  clear  area  has  reached  2 

kilometers. " 

This  clear  area,  first  decreasing  in  size  and  then  increasing,  remained  near  the  Sedov 
until  the  end  of  the  drift.  Such  a phenomenon  in  the  drift  region  of  the  Sedov  was  not  accidental. 
According  to  observations  of  the  "ram,  the  quantity  of  polynyas  and  clear  areas  also  increased  in 
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proportion  as  the  vessel  neared  the  straits  between  Spitzbergen  and  Greenland,  which  Is  due  to  the 
increase  of  speed  of  surface  arctic  current  in  that  direction. 

Special  attention  must  be  paid  to  the  effect  of  the  deflective  force  of  the  earth's  rotation  on 
the  movement  of  ice  carried  by  sea  currents.  When  the  water  is  stratified  and  after  the  steady 
state  has  been  attained,  the  inclination  of  sea  level  balances  the  Coriolis  force  and  the  horizontal 
movement  of  water  particles  toward  or  away  from  the  shore  ceases.  Let  us  consider  an  ice  floe 
which  is  drifting  along  toward  the  west  in  such  a current.  The  Coriolis  force  will  act  on  it  and 
due  to  this  the  flow  will  move  in  a shoreward  direction  despite  the  fact  that  the  fixed  current  is 
moving  along  the  shore.  The  speed  of  the  ice-floe's  approach  to  shore  due  to  the  Coriolis  force 
will  be  balanced  by  the  hydrodynamic  resistance,  depending  on  the  shape  and  size  of  the  submerged 
part  of  the  floe.  With  stratified  water  and  a steady  current,  even  if  the  wind  has  a shoreward  com- 
ponent, the  water  particles  will  not  move  shoreward.  Obviously,  in  such  a case  the  movement  of 
the  floe  due  to  Coriolis  force  will  be  hastened  by  pressure  of  wind  on  the  part  of  the  floe  projecting 
over  water. 

Figure  126  shows  the  position  of  ice  edges  in  Chuckchee  Sea,  13  to  25  July  1943,  according  to 
observations  made  on  the  skiff  Smolny.  In  1943  in  the  Chuckchee  Sea  there  was  little  ice  and 
therefore  the  effect  of  the  Chuckchee  current  in  distributing  the  ice  was  quite  clearly  evident.  From 
the  figure  may  be  seen  the  deep  bay  of  clear  water  which  was  formed  by  the  Pacific  current  and  the 
ice  tongue  (carried  by  the  Chuckchee  current)  which  extended  along  the  continental  coast. 

Sea  currents  are  not  only  important  in  the  distribution  of  ice  in  a given  region,  but  also 
assist,  to  a certain  degree,  in  the  distribution  of  certain  types  of  bottom  deposits  connected  with 
ice.  Bottom  ice,  as  it  rises,  often  carries  up  to  the  sea  surface  some  bottom  particles  which  are 
frozen  to  it.  In  its  pressure  on  the  shore  and  on  shoals  the  ice  tends  to  plow  up  the  bottom.  In 
this  process  not  only  small  particles  but  also  occasional  rocks  and  clods  may  be  affixed  to  the  ice. 

This  phenomenon  is  especially  significant  in  glaciers  descending  towards  the  sea.  * 

Subsequently,  when  the  ice  is  torn  from  the  shore  and  carried  by  currents  to  regions  where 
it  melts  and  is  destroyed,  these  foreign  inclusions  fall  to  the  bottom  and  here  form  peculiar  bottom 
deposits. 

According  to  our  observations  on  the  Sadko  in  1935,  in  the  central,  deep  water  of  the 
Greenland  Sea  at  a depth  of  2000  to  3000  m,  an  underwater  ridge  stretches  in  a meridional  direc- 
tion, made  up  of  coarse-grained  sand,  pebbles  and  boulders.  The  origin  of  this  ridge  is  no  doubt 
connected  with  the  fact  that  in  this  area  the  ice,  carried  from  the  Arctic  Basin  and  bringing  with  it 
fragments  of  rock,  meets  the  warm  water  of  the  Spitzbergen  current  and  is  thus  destroyed,  the  rock 
fragments  falling  to  the  bottom.  The  fact  that  these  fragments  form  a ridge  instead  of  being  dis- 
persed comparatively  equally  along  the  eastern  part  of  the  Greenland  Sea,  is  one  proof  of  the 
antiquity  of  the  system  of  currents  in  Greenland  Sea,  in  particular  the  East  Greenland  current  and 
Spitzbergen  current.  It  also  proves  the  comparative  stability  of  the  position  of  the  eastern  ice 
edge  in  Greenland  Sea. 

The  bottom  deposits  in  the  Barents  and  Kara  Seas  belong  to  the  type  of  glacial  sea  deposits. 

Grains  of  sand  and  rocks,  carried  by  the  ice,  may  often  be  found  in  them. 


♦On  17  August  1899  in  the  region  to  the  northwest  of  Spitzbergen,  Makarov  discovered  an 
iceberg  whose  whole  surface  was  covered  with  boulders  up  to  1 m in  diameter. 
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figure  I2t>.  Ice  conditions  In  the  Chuckchee  Sen,  111  to  2.r>  July  1943. 


Tiuiftlev  noted  that  In  1334  some  divers,  examining  u cutter  which  h;u!  sunk  in  1807  on  the 
Copenhagen  route,  discovered  (lint  the  cutter  and  other  sunken  vessels  alongside  II  were  filled 
with  stones,  which  could  only  have  lieen  carried  there  by  Ice. 


I.ITKHATt'KK:  11.  2a,  r,a,  (12. 


Section  7 31.  Currents  and  Fast  Ice 


As  lias  already  been  mentioned,  the  speed  of  sen  currents  usually  decreases  with  depth.  In 
particular,  the  speeds  of  coastal  currents  decrease  with  deptli  according  to  the  parabolic  law. 


The  sea  currents  extending  vertically  to  the  bottom  undergo  friction  not  only  with  the  bottom 
but  also  wlih  the  lower  surface  of  the  ice.  Theoretically,  since  the  current  speeds  are  equal  to 


zero  at  the  bottom  and  at  the  lower  surface  of  the  ice,  the  graph  of  speeds  under  the  Ice  should 
represent  a parabola  with  its  horizontal  axis  running  through  the  middle  of  the  depth  of  the  current. 

For  comparative  purposes  there  are  shown  in  Figure  127  the  graphs  of  current  speeds  of  the 
Volga  at  Kamyshin,  constructed  by  Polyakov  as  a result  of  averages  of  1162  summer  and  !)  lit 
whiter  observations. 


Figure  127.  Graphs  of  average  current  speeds  of  the  Volga  River  at 
Kamyshin.  A — open  river.  H — river  under  ice. 

As  may  be  seen  from  this  figure,  the  graph  of  speeds  at  the  lower  ice  surface  shows  greater 
speeds  than  at  the  bottom,  which,  according  to  Polyakov,  is  due  to  the  greater  roughness  of  the 
bottom  at  Kamyshin  bv  comparison  with  the  roughness  of  the  lower  ice  surface.  It  is  evident  that 
similar  phenomena  are  also  seen  in  sea  currents  which  flow  under  fast  ice. 

Sea  currents  in  their  turn  have  a constant  dynamic  effect  on  f;ist  ice,  ;uid  if  the  current  is 
warm,  a thermal  effect  as  well.  The  dynamic  effect  consists  in  a washing  away  and  smoothing  of 
the  lower  surface  of  the  fast  ice.  ft  has  already  been  shown  that  in  calm  regions,  in  the  period  of 
ice  formation,  the  lower  surface  of  the  ice  is  brush-shaped  and  the  water  directly  adjacent  to  this 
surface  is  filled  with  a quantity  of  ice  particles  of  diverse  shapes  and  sizes.  With  the  presence  of 
currents,  all  these  particles  are  carried  into  the  Interstices  of  the  lower  surface  of  the  ice.  which 
they  then  fill  up.  In  addition,  :is  they  flow  around  the  sub-surface  projections  of  hummocks  the 
sea  currents  gradually  wash  them  away.  It  is  clear  that  the  effect  of  the  sea  currents  in  this  re- 
spect cannot.  however,  be  compared  with  the  washing  away  effect  of  tidal  currents. 

Due  to  the  thermal  action  of  currents,  lee  formation  is  retarded  in  the  freezing  period,  while 
in  the  melting  period  the  destruction  of  the  fast  ice  cover  is  h.'istened.  Table  87  set  forth  the  water 
temperatures  in  Yugorskl  Shar  before  its  breakup  in  1335.  From  the  table  it  may  be  seen  that  the 
water  temperature  under  the  ice  began  to  rise  from  the  12  June  and  on  28  June  the  ice,  which  was 
almost  one  meter  thick,  broke  open.  The  high  temperatures  of  the  water  under  the  Ice  w;is  not 
caused  by  local  conditions.  This  warm  water  was  carried  there  from  the  Pechorski  Sea. 
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CHAPTER  XI 

WIND  AND  THE  DRIFT  OF  ICE 

Section  132.  The  Wind  Drift  of  Ice 

All  observers  are  struck  by  the  speed  with  which  Ice,  both  close  Ice  and  scattered  Ice,  reacts 
to  any  change  in  the  wind  speed  and  direction. 

For  example,  it  takes  but  a few  hours  of  fresh  wind  of  the  proper  direction  to  change  the 
entire  ice  situation  In  a given  region  beyond  recognition.  Of  course,  this  change  is  determined  by 
the  geographic  conditions,  the  contour  of  the  coast  line,  the  bottom  relief,  the  system  of  steady 
currents,  the  distribution  of  temperature  and  the  salinity  of  the  water  in  the  given  region,  etc. 

Despite  the  great  complexity  of  the  wind  movement  of  ice,  one  may  distinguish  three 
characteristic  cases: 

1.  The  wind  drift  of  close  ice. 

2.  The  wind  drift  of  an  isolated  floe. 

3.  The  wind  drift  of  scattered  ice. 

In  the  first  case,  the  wind,  exerting  pressure  on  the  ice  cover,  causes  the  ice  cover  to  drift. 
In  turn,  the  drift  of  the  ice  cover  causes  a current  in  the  water  masses  beneath  it  and  this  current 
is  subject  to  the  same  laws  of  vertical  distribution  of  velocity  and  direction  as  the  current  caused 
by  the  direct  action  of  the  wind.  In  this  connection,  a very  complex  resistance  arises,  the  resis- 
tance offered  by  the  water  to  the  wind  drift  of  ice. 

In  the  second  case,  the  wind  causes  a wind  current  with  which  the  ice  flow  moves.  However, 
since  the  action  of  the  wind  on  the  floe  is  stronger  than  on  the  equivalent  water  surface,  the  flow 
acquires  its  own  wind  motion. 

The  third  case,  the  wind  motion  of  scattered  ice,  is  intermediate  between  the  first  and  second 
cases  and  depends  on  the  concentration  of  the  ice.  Furthermore,  this  type  of  drift  exhibits  features 
which  appear  because  floes  of  different  form  and  size  drift  at  different  speeds  and  in  different 
directions,  depending  on  the  force  and  direction  of  the  wind. 

In  addition,  one  must  distinguish  wind  drift  during  the  freezing  period  and  during  the  thaw 
period.  In  the  first  case,  when  there  is  hummocking  in  connection  with  drift,  the  new  expanses  of 
open  water  which  appear  are  rapidly  covered  over  with  ice  and  thus  the  total  amount  of  ice  in- 
creases. In  the  second  case,  expanses  of  open  water  also  appear,  but  the  heat  from  solar  radiation 
accumulates  rapidly  in  these  spaces  and  this  results  in  a decrease  in  the  total  amount  of  ice. 

Theoretical  investigations  of  the  wind  motion  of  ice  are  seriously  hampered  by  lack  of  know- 
ledge of  the  vertical  distribution  of  wind  velocity  and  direction  over  the  open  sea  as  well  as  over 
ice  fields  and  also  by  the  lack  of  knowledge  of  the  vertical  distribution  of  water  velocities  immedi- 
ately below  the  lower  surface  of  the  ice. 
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However,  it  is  quite  clear  that  if  a stream  of  air  sets  ice  in  motion,  the  moving  ice,  in  turn, 
will  exert  an  influence  on  the  layers  of  air  above  it. 

In  this  respect,  the  observations  of  Efremov  are  very  interesting.  They  were  made  in  July 
1939.  during  the  drift  of  the  Sedov  in  the  Arctic  Basin,  in  the  region  between  85°23'  and 
85 ’SO' 30"  north  and  58°27'  and  64°21'  east  (table  97). 


TABLE  97.  WIND  SPEEDS  AT  VARIOUS  HEIGHTS  ABOVE  THE  SURFACE  OF  ICE 
(IN  PER  CENT  OF  THE  WIND  SPEED  ON  THE  BRIDGE  OF  THE  SHIP) 


Height  Above 

Wind  in  the  Ice  in 

M/Sec 

0 

0.5 

2.0 

6.0 

12.5 

18.0 

Number 

of 

Cases 

0-1 

0.0 

13.0 

0.9 

14.8 

100 

mm 

2 

1-2 

29.4 

60.0 

68.0 

86.6 

100 

wm 

5 

2-3 

20.9 

45. 1 

65.0 

89.5 

100 

mm 

12 

3-4 

26.  7 

49.9 

63.0 

84.4 

100 

115.4 

20 

4-5 

38.  3 

56.3 

69.4 

82.5 

100 

119.2 

20 

5-6 

41.2 

56.4 

72.0 

87.3 

100 

119.2 

20 

6-7 

40. 1 

51.7 

70.  2 

76.3 

100 

113.  6 

10 

7-8 

41.  9 

50.  0 

62.2 

83.6 

100 

115.2 

2 

8-9 

39. 1 

52.1 

65.  6 

76.0 

100 

103.9 

7 

9-10 

38.  8 

49.4 

68.7 

84.  9 

100 

109.  2 

4 

Average 

25.  6 

51.  2 

66.  2 

81.2 

100 

112.2 

102 

From  the  table  it  is  evident  that  the  wind  speed  at  the  surface  of  the  ice  on  an  average  was 
24  per  cent  of  the  wind  speed  measured  on  the  bridge  of  the  Sedov  12.  5 m above  the  surface  of  the 
ice. 

During  the  drift  of  the  station  "North  Pole"  ("Severnyi  Polius"),  the  wind  speed  was  meas- 
ured at  a height  of  2m.  From  the  table  it  is  evident  that  on  an  average  one  may  consider  that  the 
wind  speed  was  about  66  per  cent  of  the  wind  speed  at  the  height  of  the  Sedov  bridge. 

Theoretical  concepts  indicate  that  the  wind  direction  should  also  differ  at  different  heights 
above  the  surface  of  the  ice,  but  to  my  knowledge  no  supporting  investigations  have  been  made  as 
yet. 

The  problem  of  the  magnitude  and  direction  of  the  hydrodynamic  resistance  offered  by  the 
water  to  the  ice  under  various  circumstances  is  equally  complex  and  as  far  as  the  theoretical  con- 
cepts go  we  must  rely  on  fairly  well-founded  assumptions. 

LITERATURE:  62.  72.  77. 

Section  133.  The  Drift  of  Close  Ice  Fields 

The  first  systematic  investigations  of  the  drift  of  close  ice  fields  were  made  by  Nansen  during 
the  expedition  on  the  Frarn  in  1893  to  96.  These  investigations  were  particularly  important  in  that 
the  drift  of  the  Fran  passed  over  a deep  part  of  the  ocean,  far  from  the  distorting  influence  of  the 
coastline. 
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In  analyzing  his  observations,  Nansen  established  that  the  ice  drifts  at  a considerable  angle 
to  the  right  of  the  wind  (if  we  exclude  the  influence  of  any  steady  current)  and  he  ascribed  this 
phenomenon  to  the  deflecting  force  of  the  earth' s rotation. 

To  exclude  the  influence  of  steady  currents,  Nansen  used  the  following  example.  He  pro- 
posed that  when  the  air  particles  (wind)  pass  over  the  ice  in  various  directions  they  Intersect 
their  own  path  and  the  ice  fields  (if  we  assume  a linear  relationship  between  the  drift  speed  and  the 
wind  speed  and  the  absence  of  sea  currents  in  the  given  region)  should  also  intersect  their  own 
path.  From  the  difference  in  the  geographical  coordinates  of  the  ;>am  and  the  time  intervals  be- 
tween the  return  of  the  wind  to  the  same  point  in  space,  Nansen  calculated  the  direction  and 
velocity  of  the  steady  current. 

The  linear  relationship  between  the  drift  velocity  and  the  wind  speed  was  established  by 
Nansen  from  the  following  concepts.  If  we  consider  that  the  wind  pressure  on  the  ice  Is  propor- 
tional to  the  square  of  the  wind  speed,  while  the  hydrodynamic  resistance  of  the  ice  to  motion  is 
proportional  to  the  square  of  the  drift  velocity,  during  steady  motion  these  forces  should  balance. 

Proceeding  from  these  concepts,  we  may  write  ^ = n-  -,  where  and  i are  the  co- 
efficients of  proportionality  or 


where  i is  the  wind  factor,  r Is  the  drift  velocity  and  ■ is  the  wind  speed. 

Nansen's  supposition  is  supported  by  the  data  of  table  98,  from  which  it  is  evident  that  tile 
wind  factor  did  not  show  a dependence  on  wind  speed. 


TABLE  98.  WIND  FACTOR  AND  THE  DIUFT  ANGLE  ACCORD- 
ING TO  THE  OBSERVATIONS  OF  THE 


Wind  Speed 

In  M/Sec 

Drift  In  Miles 

Per  Day  With 

A Wind  Speed 

Wind 

Factor 

Drift 

Angle 

0-2 

0.  95 

0.  0205 

+ 9°50' 

2-4 

0.  76 

0.0164 

+30°28' 

> 4 

0.94 

0.  0201 

+34°27' 

In  his  final  account,  Nansen  arrived  at  the  results  shown  in  table  99  for  the  drift  of  the 
• r;vi  from  7 November  1893  to  27  June  1896. 

To  obtain  the  data  of  table  99,  Nansen  processed  76  drift  segments  in  which  the  wind  factor 
varied  from  0.0002  to  0.0696,  on  an  average  0.0182;  the  drift  angle  varied  from  ^80°  to  -63°. 
average  f28°.  Unfortunately,  I was  not  able  to  ascertain  at  what  height  above  the  tee  the  wind 
observations  were  made  on  the  > . 


TABLE  99.  RESULTS  OF  OBSERVATIONS  OF  THE  FRAM  DURING  ITS  DRIFT  FROM 
7 NOVEMBER  1893  TO  27  JUNE  1896 


Resultant  wind  direction 

341" 

Resultant  total  drift  direction 

340° 

Drift  angle 

-1° 

Angle  between  the  current  and  the 
resultant  of  the  wind 

+25.5' 

9 

Angle  between  the  resultant  of  the  wind 
and  pure  wind  drift 

+37.5' 

9 

Average  wind  speed 

0.757 

m/sec 

Average  drift  velocity 

1.07 

miles/day 

Average  velocity  of  the  steady  current 

0.  73 

miles/day 

Average  drift 

0.  52 

miles/day 

Wind  drift  caused  by  a wind  speed  of 
lnUsec 

0.69 

miles/day 

Wind  factor 

0.0148 

Average  of  the  76  Segments  Investigated  by  Nansen 

Wind  drift 

2.98 

miles/day 

Wind  drift  caused  by  a wind  speed  of 

0.  85 

miles/day 

lm/8ec 
Drift  angle 


Using  Nansen's  observations  as  our  basis  we  can  consider  that  on  an  average  over  deep  sea 
and  far  from  the  distorting  effect  of  land,  the  wind  drift  of  ice  obeys  the  following  laws: 

1.  The  drift  of  ice  in  the  Arctic  Basin  deviates  approximately  28"  to  the  right  of  the  wind 
direction. 

2.  The  wind  factor  is  approximately  0.  02,  or,  in  other  words,  the  pure  wind  drift  is 
approximately  50  times  slower  than  the  wind  speed  which  causes  the  drift. 

In  what  follows,  departures  from  these  values  are  usually  assumed  to  Indicate  steady  cur- 
rents of  corresponding  velocity  and  direction  or  the  presence  of  obstacles  (islands,  underwater 
shoals)  which  change  the  normal  wind  drift  of  the  ice. 

The  discovery  of  Vi/.e  rsland  (in  the  northern  part  of  the  Kara  Sea)  shows  how  fruitful  a 
comparison  of  the  wind  direction  and  the  wind  drift  of  ice  fields  can  be. 

As  early  as  1924.  Vt/.e  pointed  out  some  features  of  the  wind  drift  of  the  vessel  Svpa  tap j 
•Inn  : caught  in  the  ice  off  the  Yamal  Peninsula  in  1912  and  then  carried  off  together  with  the  ice 
northward  into  the  Arctic  Basin  where  the  ship  disappeared  without  a trace. 
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Analyzing  the  drift  features  of  the  Svyataya  Anna  between  77°  and  80*  north  and  between 
72°  and  78°  east,  Vlze  concluded  that  they  could  be  explained  by  the  presence  of  land  between  78° 
and  80°  north  to  the  east  and  not  far  from  the  line  of  drift  of  the  Svya  taya  Anna.  Such  land  was 
actually  discovered  by  the  expedition  on  the  Sedov  in  1930.  It  proved  to  be  an  island  situated  be- 
tween 79  39'  and  79  32'  north  and  76°  46'  and  77°  20'  east.  Appropriately,  this  island  was  named 
Vize. 


After  Nansen,  two  more  expeditions  drifted  over  the  deep  Arctic  BaBln.  the  ice  station 
"North  Pole"  (1937-38)  and  the  Sedov  (1937-40). 

Figure  128,  by  Shirshov  and  Fedorov,  shows  the  drift  of  the  ice  field  station  "North  Pole" 
from  3 to  8 August  1937,  (about  88°  north,  3°  west).  The  drift  Is  sketched  on  the  basis  of  astro- 
nomical determinations  and  direct  instrument  readings  of  the  drift  elements.  The  figure  also  shows 
the  observed  wind  directions  for  that  period. 

It  is  evident  that  the  drift  of  the  ice  fields  was  very  responsive  to  the  wind  and  to  any  change 
in  the  wind.  Consequently,  the  ice  field  described  zig-zags  and  even  loops.  Furthermore, 

Shirshov  and  Fedorov  noted  winds  of  various  directions  affected  the  drift  in  various  ways  over  the 
entire  drift  path  beginning  at  the  North  Pole  and  ending  in  the  region  of  Jan  Mayen  Island.  The  ice 
field  responded  rapidly  and  readily  to  winds  causing  a southerly  drift  and  they  reacted  relatively 
poorly  to  winds  cuasing  a northerly  drift.  Shirshov  and  Fedorov  explained  this  phenomenon  (noted 
and  explained  by  Nansen  previously)  as  follows:  the  movemenl  of  the  ice  field  is  determined  by  two 
factors, 

1.  by  the  action  of  temporary  and  variable  winds,  the  temporary  drift  in  various  directions 
and 

2.  by  the  collective  action  of  the  prevailing  winds  over  the  Arctic  Ocean  and  the  hydrological 
factors  which  create  the  general  circulation  of  the  ice  and  waters  of  this  ocean  - the  main  drift 
from  the  Pole  to  the  Greenland  Sea  and  farther  south  along  the  coast  of  Greenland. 

In  cases  where  the  temporary  wind  drift  and  the  main  drift  coincide  in  direction,  the  drift 
velocity  of  the  ice  field  increased.  Otherwise,  it  decreased  sometimes  to  0:  in  the  case  of  a strong 
wind  drift  northward,  the  ice  field  even  moved  northward. 

The  drift  of  the  Sedov,  which  to  a certain  extent  repeated  the  drift  of  the  Fram,  also  con- 
firmed the  simple  laws  stemming  from  Nansen's  investigations.  In  my  figure  129,  I show  the  wind 
path  and  the  drift  of  the  Sedov  from  1 September  1938  through  1 January  1939.  * 

A comparison  of  the  wind  and  drift  paths  shows  that  they  are  strikingly  similar.  Where  the 
wind  direction  is  nearly  constant,  the  ice  moves  approximately  in  one  direction.  Where  the  wind 
direction  and  speed  vary,  the  ice  describes  zig-zags  and  loops.  The  figure  8's  described  by  the 
wind  and  the  ice  between  2 and  26  September  and  the  zig-zags  between  10  and  30  November  1938 
are  particularly  characteristic  in  this  respect.  Under  steady  winds,  the  direction  of  drift  differs 
from  the  wind  direction  only  in  that  it  veers  to  the  right,  as  already  established  by  Nansen. 

Individual  exceptions  to  this  rule  do  not  change  the  essence  of  the  phenomenon.  The  origin 
of  such  deviations  is  understandable.  The  movement  of  ice  depends  not  only  on  the  local  wind  but 
also  on  wind  blowing  nearby.  Large  ice  fields  set  in  motion  take  on  a great  inertia  which  brief  or 
weak  winds  may  not  necessarily  overcome.  Under  the  Influence  of  the  preceding  wind  situation. 


♦The  scale  of  the  wind  speed  on  the  sketch  is  50  times  smaller  than  the  scale  of  the  drift  veloc- 
ity; in  other  words,  in  constructing  the  diagram  it  was  assumed  that  the  wind  factor  was  0.02. 
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The  relationship  between  wind 
direction  and  the  drift  of  station 
"North  Pole"  from  3 to  8 August 
1937. 


compressive  forces  may  be  created  in  some  directions  and  scattering  forces  In  others,  promoting 
or  impeding  drift,  etc. 

To  continue  the  study,  1 analyzed  the  drift  of  the  dor  from  1 September  1938  through 
1 January  1940,  i.  e. , the  period  when  the  Srdo  was  over  great  ocean  depths  and  far  from  the  dis- 
torting influence  of  the  coast.  During  that  time,  5764  measurements  of  wind  speed  and  direction 
were  made  on  the  Sedov.  In  the  analysis,  1 found  that  1 could  use  378  drift  segments  included  be- 
tween complete  astronomical  determinations  and  that  I could  calculate  the  resultant  winds  for  these 
segments. 

tn  processing  this  extensive  material  1 found  that  the  wind  path  often  intersected  Itself.  This 
allowed  me,  using  Nansen's  method,  to  calculate  the  elements  of  the  steady  current  at  various 
regions  of  the  drift.  First  of  all,  I became  convinced  that  the  drift  velocity  is  a linear  function  of 
the  wind  speed. 
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Figure  129.  The  wind  path  and  the  drift  of  the  .Serf  op  froml  September  1938  through 


1 January  1939. 

TABLE  100.  TRUE  DRIFT  ANGLES  AND  WIND  FACTORS  VS.  WIND  SPEEDS  DURING 


THE  DRIFT  OF  THE  SEDOV 


Table  100.  (Continued) 


Wind  Speed 
In  M/Sec 

Number 

of  Cases 

Wind  Factor 

Number 

of  Cases 

Drift  Angle 

Average 

Maximum 

Minimum 

Average 

Maximum 

Minimum 

8-9 

21 

0.015 

0.022 

0.011 

21 

38 

174 

6 

9-10 

16 

0.  015 

0.021 

0.  005 

16 

32 

53 

3 

10-11 

8 

0.017 

0.023 

0.  014 

8 

40 

60 

20 

11-12 

2 

0.  020 

0.022 

0.  019 

2 

46 

68 

24 

12-13 

2 

0.016 

0.017 

0.  015 

2 

42 

51 

33 

Table  100  gives  the  wind  factors  of  drift  and  the  drift  angles  for  various  wind  speeds. 


Comparing  the  data  of  table  100  with  the  data  of  table  98,  which  was  compiled  by  Nansen, 
one  may  say  that  within  the  limits  of  accuracy  of  the  observations  the  relationship  between  the 
drift  velocity  and  the  wind  speed  is  linear  and  the  drift  angle  does  not  depend  upon  the  wind  speed. 
It  should  be  emphasized  that  the  influence  of  the  steady  current  was  excluded  from  table  100. 

Table  101  shows  the  elements  of  the  steady  current  combined  by  regions,  on  the  basis  of  39 
intersections  of  its  own  path  by  the  wind. 

TABLE  101.  STEADY  CURRENT  ELEMENTS  ALONG  THE  PATH  OF  DRIFT  OF  THE  SED . V 


Number  of 

Combinations 

Mean  Coordinates 

Steady  Current 

Latitude 

Longitude 

Direction 
(of  Movement) 

Velocity 

In  Miles/ Day 

2 

84° 

10' 

133° 

250° 

0.  55 

2 

84 

40 

123 

280 

1.0 

13 

85 

30 

126 

270 

0.  8 

3 

86 

30 

108 

310 

0.9 

8 

85 

40 

70 

270 

1. 1 

4 

86 

00 

70 

260 

0.8 

1 

86 

30 

45 

226 

2.5 

1 

86 

00 

40 

225 

1.1 

2 

85 

20 

30 

215 

1.2 

1 

84 

30 

20 

205 

1.6 

2 

84 

00 

10 

220 

1.5 

We  are  struck  by  the  fact  that  during  the  drift  of  the  Sedov  west  of  70"  east,  all  intersec- 
tions of  the  wind  path  (17  cases)  show  a steady  southwesterly  current,  while  during  the  drift  east  of 
70°  east  in  17  of  22  cases,  the  steady  current  ran  northwest,  and  in  one  case  even  northeast.  How- 
ever, if  we  examine  the  drift  of  the  Sedov  only  in  the  region  north  of  85  °40'  and  east  of  70°.  in 
all  cases  we  find  a northerly  steady  current.  This  should  not  be  considered  a chance  finding  by  any 
means,  but  it  requires  a more  profound  analysis  than  I was  able  to  make  by  the  time  this  book  went 
to  press . * 


•Libln  informs  me  that  the  steady  current  in  the  region  of  operations  of  the  expedition  on  the 
airplane  N-169  (approximately  80°  north  and  183°  east),  ran  in  a compass  direction  of  273°  at  a 
velocity  of  2.4  miles/day. 
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Of  course,  a comparison  of  the  observed  wind  and  drift  paths  gives  the  wind  factor  and  the 
drift  angle  created  by  the  joint  action  of  the  wind  and  the  steady  current.  Also  it  is  clear  that  If  we 
know  the  elements  of  the  steady  current,  it  will  not  be  difficult  to  obtain  the  corresponding  for  the 
pure  wind  drift. 

Table  102  gives  the  average  monthly  drift  angles  and  the  wind  factors  for  drift  of  the  Sedou  . 


TABLE  102.  MEAN  MONTHLY  DRIFT  ANGLES  AND  WIND  FACTORS 
DURING  THE  DRIFT  OF  THE  SEDOV 


Month 

Number 
of  Cases 

Wind  Factor 

Drift  Angle 

Observed 

True 

Observed 

True 

1938 

September  

9 

0.016 

0.015 

32° 

36° 

October  

14 

0.017 

0.014 

49 

45 

November  

32 

0.017 

0.013 

16 

24 

December  

30 

0.020 

0.017 

39 

37 

1939 

January  

38 

0.016 

0.016 

25 

31 

February  

25 

0.015 

0.014 

-3 

8 

March  

31 

0.018 

0.014 

29 

25 

April  

28 

0.015 

0. 013 

26 

29 

May  

23 

0.  015 

0. 015 

34 

26 

June  

20 

0.026 

0.018 

39 

19 

July  

19 

0.014 

0.014 

15 

42 

August  

18 

0.019 

0.016 

-6 

31 

September  

14 

0.020 

0.018 

18 

14 

October 

24 

0.016 

0.013 

15 

35 

November  

125 

0.  023 

0.017 

29 

27 

December  

28 

0.022 

0.018 

46 

34 

Average  for  drift 

378 

0.018 

0.015 

25 

29 

Figures  130  and  131  show  the  frequency  of  repetition  of  purely  wind  (steady  current  excluded) 
drift  angles  and  wind  factors,  expressed  in  per  cents.  The  results  obtained  indicate  that  random 
causes  are  excluded  sufficiently  well  by  a large  number  of  observations. 

Figure  130  shows  that  In  88  per  cent  of  all  cases  the  drift  angle  was  positive  (to  the  right  of 
the  wind  direction)  and  that  in  80  per  cent  of  all  cases  it  was  between  0°  and  70°.  As  an  average  of 
all  378  cases  we  found  that  the  true  drift  angle  was  29*  to  the  right  of  the  wind  direction.  Let  us 
recall  that  Nansen  obtained  a true  drift  angle  of  28°  for  76  cases.  This  agreement  undoubtedly  per- 
mits us  to  regard  the  results  obtained  as  sufficiently  reliable. 

Figure  131  shows  that  the  true  wind  factor  varies  from  0. 005  to  0.  025.  Only  about  5 per  cent 
of  the  cases  lay  outside  these  limits.  The  average  of  378  cases  was  0.015.  According  to  Nansen, 
this  factor  was  0.018  for  76  cases. 
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As  we  see,  according  to  Nansen  the  true  wind  factor  is  somewhat  higher.  I have  already 
mentioned  that  1 do  not  know  at  what  height  above  the  ice  the  wind  observations  were  made  on  the 
Fram  . It  is  quite  natural  that  on  the  Sedou,  where  the  wind  measurements  were  made  at  a 
height  of  12.  5 m,  i.  e. , at  a height  probably  greater  than  the  height  at  which  the  observations  were 
made  on  the  Fr  :m  , the  wind  speed  would  be  greater  and  this  wo  Id  be  reflected  in  the  compara- 
tively smaller  wind  factor. 

Thus,  rounding  off  and  Summing  the  data  obtained  by  Nansen  from  his  analysis  of  76  drift 
segments  of  the  Frjn  and  my  analysis  of  378  segments  of  the  Sed o v drift,  I find  that  in  the  Arctic 
Basin  far  from  the  coastline  and  over  great  ocean  depths  the  average  angle  of  drift  is  30°  to  the 
right  of  the  effective  wind  and  that  the  drift  velocity  is  0.  02  of  the  wind  speed  causing  the  drift.  * 

In  table  102.  one  is  struck  by  the  small  true  drift  angle  obtained  for  February  when  the 
Sed  o r drifted  from  85°  36'  north  to  86°  20'  north  with  prevailing  southerly  winds.  One  gets  the 
impression  that  during  this  time  there  was  some  obstacle  to  the  north  of  the  Sed  ■ v drift,  ob- 
structing its  northward  course.  This  obstacle  evidently  consisted  of  great  masses  of  pack  ice 
similar  to  the  one  on  which  station  "North  Pole"  was  established.  However,  this  question  also 
requires  further  analysis. 

In  conclusion  one  should  note  the  following.  It  has  already  been  pointed  out  that  Nansen 
attributed  the  rightward  deflection  to  the  deflecting  force  of  the  earth's  rotation.  However.  Nansen 
noted  that  the  surface  layers  of  water,  deflected  by  the  Coriolis  force  to  the  right  in  the  northern 
hemisphere,  causes  a current  in  the  subsurface  layers  which  is  deflected  even  farther  to  the  right. 
Ekman's  theory  of  wind  currents,  based  on  Nansen's  findings,  indicates  that  if  one  ignores  the 
inclination  of  the  sea  level,  the  angle  of  deflection  of  a pure  wind  surface  current  is  not  a function 
of  geographic  latitude  and  is  always  45*.  At  the  same  time,  Ekman  also  developed  a theoretical 
angle  between  wind  and  ice  drift,  namely; 


tan  0=1+26 


Vw  sin  < p 

P6L. 


where  i is  the  Ice  thickness.  6 the  density  of  the  ice,  p the  viscosity  coefficient  and  6U,  the 
density  of  the  water. 


If  we  substitute  in  this  formula  sine  <p  = 1,  6W  = 1,  u>  = 0.  0000758,  p = 200,  6,  = 0.  9 and 
: = 300  crn,  we  get 


tan  a - 1. 162 


♦Llbln  informs  me  that  the  average  true  drift  angle  was  31°  and  the  average  true  wind  factor 
0.017  in  the  region  of  operations  of  the  N-169  expedition  (80°  north  183°  east). 
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or 


a = 49.3° 

Observations  made  In  nature  show  that  the  drift  angle  Is  actually  almost  2 times  smaller  than 
Ekman's  theoretical  angle. 

LITERATURE:  28,  30,  62,  64,  70,  72,  112,  164. 

Section  134.  The  Combined  Influence  of  Winds  and  Currents 

We  have  seen  that  on  an  average  we  can  assume  the  wind  factor  to  be  0.  02  for  close  Ice 
fields.  For  the  conversion  of  wind  speed  In  m/sec  into  numbers  on  the  Beaufort  scale,  let  us  take 
a simple  but  sufficiently  accurate  formula 

= 2n  — 1 , (1) 

where  n Is  the  wind  force  on  the  wind  scale  and  w the  wind  speed  In  m/sec.  However,  1 m/sec  = 

1.  945  knots  or  approximately  1 m/sec  = 2 knots.  Thus, 

c = 0.  04  (2 n - 1),  (2) 

where  c Is  the  speed  of  the  wind  drift  of  the  ice  In  knots  or 

C=2n—  1 =•  H\  (3) 

where  C Is  the  speed  of  the  wind  drift  of  the  Ice  In  mlles/day. 

From  table  103  in  which  the  relationships  between  the  wind  force  according  to  the  Beaufort 
scale  and  m/sec,  and  the  wind  drift  speeds  of  the  ice  expressed  in  knots  and  miles/day,  one  can  get 
a good  picture  of  the  Influence  of  the  wind  and  the  sea  currents  (excluding  currents  caused  by  this 
same  wind)  on  the  drift  of  the  ice.  For  example,  if  in  a given  region  we  observe  a current  (perma- 
nent, tidal,  gradient,  etc. ) which  reaches  a velocity  of  0.  5 knots,  a wind  force  of  at  least  7 will  be 
required  to  cause  the  ice  to  drift  against  the  current.  On  the  other  hand,  a favorable  wind  will 
correspondingly  accelerate  the  drift.  Some  observed  cases  of  ice  drift  can  only  be  explained  by  the 
above. 

It  has  been  proven  that  there  is  a steady  southeast  current  along  the  Chuckchee  coast  with  a 
velocity  that  reaches  1 knot. 


TABLE  103.  RELATIONSHIPS  BETWEEN  WIND  AND  DRIFT 


Wind 

Drift 

M/Sec 

l 

Wind  Force 
(Beaufort 
Scale) 

Knots 

Miles/ Day 

3 

2 

0.12 

3 

4 

0. 16 

4 

5 

3 

0.20 

5 

6 

0.24 

6 

7 

4 

0.28 

7 

8 

0.32 

8 

9 

5 

0.36 

9 
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Table  103.  (Continued) 


Wind 

Drift 

Wind  Force 

(Beaufort 

M/Sec 

Scale) 

Knots 

Miles/Day 

10 

0.40 

10 

11 

6 

0.44 

11 

12 

0.48 

12 

13 

7 

0.52 

13 

14 

0.56 

14 

15 

8 

0.60 

15 

16 

0.64 

16 

17 

9 

0.68 

17 

In  1942,  the  steamships  Mol  o to  u and  Iskra  were  caught  In  Ice  drifting  with  this  current  and 
the  Icebreaker  Stal  in  was  approximately  the  same  distance  from  the  Chuckchee  Coast  but  54 
miles  farther  southeast. 

From  0600  hours  on  5 October  through  0600  hours  on  6 October,  these  vessels  drifted  paral- 
lel to  the  coast  for  60  miles,  i.e. , at  a rate  of  2.  5 knots.  During  this  time,  the  northwesterly, 
therefore  favorable,  wind  reached  a force  of  8. 

Considering  the  velocity  of  the  southeast  current  to  be  at  least  1 knot,  which  amounts  to  24 
miles  per  day,  and  adding  a wind  drift  of  15  miles  per  day  according  to  table  103,  we  find  that  the 
total  drift  should  be  at  least  39  miles  per  day.  However,  the  velocity  of  the  steady  current  was  un- 
doubtedly increased  by  such  a strong  wind.  Furthermore,  the  surface  of  the  ice  which  surrounded 
the  vessel  was  very  rough  at  that  time  (fragments  of  old  ice  reinforced  with  young  ice)  which 
created  a large  roughness  factor  and  increased  the  wind  factor.  Finally,  in  the  southeast  part  of 
the  sea,  that  is  ahead  of  the  drift  of  the  vessels,  there  was  still  little  ice,  which  also  increased  the 
wind  factor.  This  accounts  for  the  high  drift  value.  As  soon  as  the  wind  force  decreased  to  3-4, 
the  drift  speed  (the  icebreaker  Stal  in,  6 to  10  October)  decreased  to  25  to  30  miles/day. 

The  drift  of  the  steamship  Chelyuskin  in  the  same  Chuckchee  Sea  in  November  of  1933  is 
more  striking  (see  figure  159). 

We  know  that  the  southeastern  current  of  the  Chuckchee  Sea,  on  reaching  Bering  Strait  does 
not  enter  Bering  Strait  but  turns  northward  and  Joins  the  northern  current  directed  from  the  Bering 
Sea  through  Bering  Strait  into  the  Chuckchee  Sea. 

On  4 November  1933,  driven  by  a strong  northwesterly  wind,  the  Chelyuskin  together  with 
the  ice  in  which  it  was  caught  was  carried  out  of  the  Chuckchee  Sea  into  the  Bering  Strait.  After 
passing  across  the  line  Cape  Dezhnev- Ratmanov  Island  (Mys  Dezhnev  - Ostrov  Ratmanova),  the 
northwesterly  wind  decreased  to  a force  of  4-5.  In  this  connection: 

1 . The  wind  ceased  to  exceed  the  Influence  of  the  steady  northern  current. 

2.  The  reduction  of  the  wind  force  resulted  from  a corresponding  reduction  of  the  atmos- 
pheric pressure  gradient.  This  latter  circumstance  created  a gradient  current  which  intensified 
the  steady  northern  current. 
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As  a result,  the  Ice  driven  from  the  Chuckchee  Sea  by  a strong  wind  (counter  to  the  northerly 
current)  Into  Bering  Strait  began  to  return  to  the  Chuckchee  Sea  and  the  Chelyush  in  drifted  north- 
ward against  the  wind  21  miles  on  the  first  day  (24  hour  period)  and  30  miles  on  the  second  day. 

LITERATURE:  38,  77. 

Section  135.  Drift  Along  the  Isobars 

In  maidn£  a careful  study  of  the  drift  of  the  Sedov  toward  the  end  of  193 8,  1 noticed  that  it 
was  always  approximately  parallel  to  the  isobars  on  the  ten  day  and  monthly  maps  of  atmospheric 
pressure  distribution  over  the  Arctic  Basin. 

As  an  example,  below  I give  the  following  characteristic  incidents  from  the  drift  of  the  Sr  iov. 

From  1 November  1938,  through  1 February  1939,  southeasterly  winds  prevailed  in  the  re- 
gion of  drift.  The  ship  drifted  north-northwest.  The  high  pressure  region  was  situated  approxi- 
mately east-northeast  of  the  Sedov  at  this  time.  However,  in  individual  periods  the  wind  changed 
abruptly. 

Figure  132  shows  the  position  of  the  isobars  during  the  first  ten  days  of  December  1938.  The 
arrow  on  the  map  shows  the  general  direction  of  drift  of  the  Sedov  for  the  ten-day  period.  It  is 
clear  from  the  figure  that  the  ship  drifted  exactly  along  the  Isobars.  The  high-pressure  region  was 
situated  above  the  Taimyr  Peninsula  at  this  time.  The  Sedov  was  under  the  influence  of  westerly 
and  southwesterly  winds  and  thus  it  drifted  northeast,  leaving  the  high  pressure  region  to  the  right 
of  it. 


In  the  third  ten  days  of  January  1939  (figure  133),  the  low-pressure  region  was  situated  above 
the  Kara  Sea,  while  the  high-pressuie  region  was  in  the  vicinity  of  the  Pole.  Correspondingly,  the 
Sed  v drifted  almost  directly  westward. 

Figure  134  shows  a map  of  the  mean  monthly  atmospheric  pressure  above  the  Arctic  Basin 
for  January  1939.  On  this  map,  the  double  arrow  shows  the  actual  drift  of  tne  Sedov  for  that 
month.  As  we  see,  the  drift  coincides  exactly  with  the  isobar. 

Thus,  my  investigations  established  the  following  simple  rule:  above  the  deep  sea,  far  from 
the  distorting  influence  of  the  coast,  the  pure  wind  drift  of  close  ice  follows  the  Isobars,  and  is 
such  that  the  high-pressure  region  is  to  the  right  of  the  drift  direction  and  the  low  pressure  region 
is  to  the  left. 

These  conclusions  have  been  verified  by  Filippov,  Petrichenko,  Somov  and  others. 
Petrlchenko  and  Somov,  in  particular,  indicated  that  nine  of  the  fourteen  mean  monthly  and  mean 
ten-day  charts  which  they  examined  showed  complete  agreement  between  the  direction  of  drift  and 
the  direction  of  the  lsobai  s.  A subsequent  examination  of  the  charts  which  did  not  show  agreement 
between  the  isobars  and  the  drift  revealed  that  this  lack  of  agreement  was  due  solely  to  the  approxi- 
mate construction  of  the  isobars  in  the  region  of  drift  of  the  Sedov. 

In  what  followed,  I excluded  the  steady  current  from  the  drift  of  the  Sed  o v and  from  an 
analysis  of  45  ten-day  pressure  maps.  I found  the  average  deviation  of  the  true  wind  drift  from 
the  isobar  to  be  approximately  5°,  which  must  be  considered  very  satisfactory  in  view  of  the  in- 
accuracy of  the  isobar  plots.  The  direction  of  the  Isobar  taken  for  a comparison  was  based  on  a 
synoptic  map  with  an  accuracy  of  about  10®. 
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Figure  132.  Distribution  of  atmospheric  pressure  over  the  Arctic  Basin 
for  the  first  ten  days  of  December  1938. 


The  rule  about  the  direction  of  the  ice  drift  along  the  isobars,  which  I developed  empirically, 
also  has  a theoretical  basis. 

We  know  that  at  heights  of  500  to  1,  000  m above  the  earth's  surface,  as  indicated  by  direct 
observations,  the  wind  direction  coincides  with  the  isobars  (geostrophic  wind).  On  approaching  the 
earth's  surface,  the  wind  approximates  more  and  more  the  pressure  gradient  because  of  friction 
with  the  earth's  surface. 

Theoretically,  at  the  earth's  surface  the  angle  between  the  wind  and  the  gradient  is  45°. 
Consequently,  if  the  theoretical  calculations  are  valid,  clearly  the  theoretically  pure  wind  surface 
current  and  the  pure  wind  drift  of  the  ice  should  pass  along  the  isobars,  because  the  pure  wind 
surface  current,  according  to  Ekman,  does  not  depend  on  latitude  and  deviates  45°  to  the  right  of 
the  wind  direction  at  the  earth's  surface  in  the  northern  hemisphere,  while  the  wind  direction  at 
the  earth's  surface,  according  to  Taylor,  deviates  45°  to  the  left  of  the  isobars. 

Hesselberg  conducted  painstaking  theoretical  and  empirical  investigations  of  the  deviation  of 
the  wind  from  the  isobars.  He  pointed  out  that  movement  of  the  pressure  systems  will  cause 
variations  of  the  drift  angle,  depending  on  the  position  of  the  observation  point  with  respect  to  the 
center  of  the  given  pressure  system.  Table  104  gives  some  results  of  Hesselberg's  investigations. 
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Figure  133.  Distribution  of  atmospheric  pressure  over  the  Arctic  Basin 
for  the  third  ten  days  of  January  1939. 


TABLE  104.  MEAN  DEPARTURES  OF  THE  WIND  FROM  THE  ISOBAR 


Region 

Forward 

Backward 

To  The 
Right 

To  The 

Left 

Cyclone 

Inner  Region  

23°  (22°) 

62°  (49°) 

44°  (41°) 

30°  (23°) 

Outer  Region  

61°  (65°) 

34°  (46°) 

49°  (60°) 

44°  (47°) 

Anti  Cyclone 

48°  (53°) 

64°  (61°) 

63°  (72°) 

41°  (43°) 

In  this  table  the  drift  angles  obtained  from  processing  the  observations  are  indicated  in 
parentheses,  and  the  angles  not  included  in  parentheses  are  those  computed  by  Hessclberg  on  the 
basis  of  the  theoretical  formula. 
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Figure  134.  Distribution  of  atmospheric  pressure  over  the  Arctic  Basin 
in  January  1939. 

On  my  request,  Sauskan  made  some  calculations  to  determine  the  angle  of  deflection  of  the 
wind  from  the  isobar  over  the  ice  of  the  Laptev  Sea.  These  computations  were  based  on  the 
synoptic  charts  and  on  the  wind  observations  made  on  ships  drifting  in  that  sea  in  1937.  Based  on 
random  material  (in  all,  257  cases  were  examined),  they  indicated  that  the  most  probable  depar- 
ture of  the  wind  from  the  isobar  was  about  35°  in  an  anticyclone  situation  and  about  37°  in  a 
cyclone.  In  the  anticyclone  situation  the  most  frequent  angle  of  deflection  was  between  20°  and 
30°,  in  a cyclone  situation  between  30°  and  40°. 

At  the  Arctic  Institute,  Karelin  checked  the  departure  of  the  wind  from  the  isobar  against 
daily  synoptic  maps.  He  found  the  average  angle  of  deflection  of  the  wind  from  the  isobar, 
(calculated  as  the  arithematic  mean  of  1,467  observations  at  arctic  meteorological  stations),  to  bo 
24°  to  the  left  of  the  isobar. 

We  know  that  on  regular  synoptic  maps  the  isobars  are  drawn  with  some  consideration  of 
wind  direction.  Therefore,  it  was  quite  proper  that  the  Arctic  Institute  processed  the  most 
reliable  ship  observations  as  well  as  the  shore  observations.  The  ship  observations  did  not  form 
part  of  the  regular  synoptic  maps.  It  was  found  that  the  mean  angle  of  deflection  of  the  wind  from 
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the  Isobar,  calculated  as  the  arithematic  mean  of  317  observations  conducted  on  board  ship,  was 
28°  to  the  left  of  the  isobar. 

Let  us  recall  that  if  the  steady  current  is  excluded,  the  mean  drift  angle  of  the  ice,  according 
to  Nansen  is  28°  to  the  right,  while  I found  an  average  drift  angle  (also  excluding  the  steady  cur- 
rent) of  29°  in  my  analysis  of  the  drift  of  the  . icdov . Thus  the  Arctic  Institute  confirmed  my 
assertions.  * 

It  should  be  emphasized  that  the  movement  of  ice  along  the  isobars  (in  the  general  case, 
moving  in  space)  means  that  at  each  given  moment  the  actual  drift  of  ice  at  each  point  in  the  sea  is 
tangential  to  the  isobar  passing  through  the  given  point.  Consequently,  at  each  given  moment  the 
isobars  are  the  flow  lines  of  the  ice  drift. 

LITERATURE:  64,  70,  72,  77,  84,  156. 


Section  136.  The  Rate  of  Drift  Along  the  Isobars 

In  1938,  after  establishing  the  law  of  ice  movement  along  the  isobars,  I raised  the  question 
of  the  relationship  between  the  drift  of  ice  and  the  pressure  gradient. 

tVe  know  that  in  the  case  of  a geostrophic  wind  the  pressure  gradient  is  balanced  by  the 
Coriolis  force: 

2»rs*nf,-l|,  a, 

Where  w is  the  angular  velocity  of  the  earth's  rotation,  ,Y  is  the  geostrophic  wind  velocity,  <p  the 
geographic  latitude,  pa  the  air  density  and  dp/dx  the  horizontal  gradient  of  atmospheric  pressure. 


From  formula  (1)  we  get 


iv=  - 


I 


dp 


(2) 


2 top  sin  <p  dx 

If  we  know  the  conversion  factor  for  calculating  the  geostrophic  wind  in  terms  of  wind  at  the 
earth's  surface,  formula  (2)  would  allow  us  to  calculate  the  wind  drift  speed  from  ordinary  pressure 
maps. 

However,  the  question  of  the  wind  speed  at  the  earth's  surface  is  a very  complex  problem. 

According  to  Brent,  the  wind  speed  at  the  earth's  surface  is  about  0.  7 in  the  case  of  weak 
winds  and  0.  6 of  the  geostrophic  value  in  the  case  of  strong  winds.  As  Khromov  has  observed, 
the  aerological  observations  in  northern  Europe  have  shown  that  the  wind  speed  at  the  earth's  sur- 
face is  0.  46-0.  48  of  its  speed  at  1,  000  m.  Finally,  as  we  have  seen  from  Efremov's  observations, 
in  the  layer  closest  to  the  surface  of  the  Ice,  the  wind  speed  changes  so  much  that  in  the  final 
analysis  doubts  arise  as  to  just  which  wind  speed  should  be  considered. 

As  a first  approximation  I calculated  that 


W0  «=  0.5  W, 
c = 0.02  IV0, 


♦As  Gordlenko  has  reported  to  me,  the  drift  of  ice  along  the  isobars  has  been  confirmed  by 
numerous  instrument  observations  in  the  Chuckchee  Sea. 
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Where  Wp  ts  the  wind  speed  at  the  earth's  surface,  c is  the  speed  of  the  wind  induced  drift 
of  the  ice. 

On  this  assumption,  I obtained 

_ 0.01  dp 

C 2p«  sin  <?  Ox  ’ (3> 

and,  further,  considering  the  air  density  up  to  the  height  of  the  geostrophic  wind  to  be  constant  and 
equal  to  0.0013,  Somov  and  I obtained  the  following  for  the  Arctic  Basin 

c=  13,000^,  (4) 

Where  e is  the  average  drift  of  ice  fields  in  kilometers  per  month;  dp/ dx  is  the  pressure 
gradient  expressed  in  millibars  per  kilometer  and  taken  from  the  monthly  pressure  map. 

These  considerations  led  me  to  formulate  one  more  simple  rule,  namely  ; over  the  deep  sea, 
far  from  the  distorting  influence  of  the  coast,  the  speed  of  pure  wind  drift  of  close  ice  is  directly 
proportional  to  the  atmospheric  pressure  gradient  and  thus  it  is  inversely  proportional  to  the  dis- 
tance between  the  isobars  drawn  through  the  same  pressure  intervals. 

It  seems  to  me  that  my  laws  of  the  relationship  between  ice  drift,  the  direction  of  the  isobars 
and  the  magnitude  of  the  pressure  gradient  are  a considerable  step  forward  compared  with  the 
relationships  between  ice  drift  and  wind  which  have  been  studied  heretofore.  Of  course,  in  the 
cycle — pressure  gradient  creates  wind,  wind  creates  drift — it  is  most  difficult  and  controversial  to 
determine  the  wind  elements  (direction  and  speed),  values  which  change  greatly  depending  on  the 
height  at  which  the  observation  is  made  above  the  ice  field.  The  laws  which  I have  proposed  exclude 
the  wind  elements  which  are  difficult  to  determine  from  the  examination  and  allow  one  to  concentrate 
on  the  study  of  the  departures  from  these  rules  caused  by  local  conditions. 

LITERATURE:  19,  67,  70,  72,  77,  135. 

Secfion  137.  Comparison  of  fhe  Computed  and  Observed  Drifts 

As  we  have  seen,  the  coefficient  13,000  in  formula  (4)  of  section  136  is  highly  arbitrary  and 
calculations  have  shown  that  it  is  too  high.  The  only  way  to  make  it  more  exact  is  to  compare 
drifts  computed  from  formula  (4)  with  account  taken  of  the  steady  current,  and  the  observed  drifts. 

Such  calculations  were  made  at  my  request  by  Somov  for  the  drifting  station  "North  Pole”, 
the  Icebreaker  Seder.’  and  the  ship  . en  in  from  the  moment  their  drift  began. 

Figure  135  shows  the  results  of  the  computations.  The  dashed  line  indicates  the  computed 
drift,  the  solid  line  the  true  drift,  and  for  convenience  in  comparison  the  true  drift  is  also  shown 
as  total  movements  for  the  month.  The  computed  drift  was  based  on  mean  monthly  pressure  maps 
for  the  northern  hemisphere  compiled  by  the  Central  Weather  Institute  (193S  and  1939)  and  by  the 
Interdepartmental  Bureau  of  Ice  Forecasting  (for  1937).  The  direction  of  the  isobars  was  taken 
from  the  pressure  chart  with  accuracy  up  to  10  per  cent. 

It  should  be  noted  that  the  isobar  plots  on  the  mean  monthly  pressure  charts  are  very 
approximate,  especially  in  the  central  part  of  the  Arctic  Basin.  Nevertheless,  the  calculated  and 
observed  drifts  of  the  iae  agree  well,  despite  the  unavoidable  accumulation  of  errors  Inherent 
in  sequential  computation  of  a theoretical  drift.  This  agreement  of  the  results  of  the  observed  two 
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year  drift  and  the  calculated  drift  shows  that  the  errors  In  calculating  the  individual  monthly  move- 
ments were  not  of  a systematic  nature,  1.  e. , they  were  not  in  the  method,  but  were  chance  errors 
caused  merely  by  the  inaccuracy  of  the  Initial  material  and  the  approximate  nature  of  the 
calculations. 

The  objectivity  of  the  results  obtained  proves  that  the  compilers  of  the  mean  monthly  pres- 
sure maps,  which  are  based  on  calculations,  had  no  idea  that  these  maps  would  be  used  to  compute 
drifts.  Furthermore,  one  might  say  that  the  Isobars  on  the  daily  synoptic  maps  are  drawn  with 
consideration  of  wind  direction  and  thus  the  agreement  between  ice  drift  and  direction  of  the  isobar 
is  taken  into  account  in  advance,  but  this  objection  does  not  apply  to  the  mean  monthly  and  mean 
ten-day  pressure  maps,  because  the  isobars  on  such  maps  are  drawn  only  with  respect  to  the 
average  pressure,  without  consideration  of  wind. 

The  complete  agreement  between  the  final  points  (plotted  on  the  chart)  of  the  calculated  and 
observed  drift  of  the  edou  indicates  that  the  coefficient  assumed  in  the  calculations  was  approxi- 
mately 20  to  30  per  cent  too  high.  Actually,  the  drift  of  the  Sedov  was  not  purely  a wind  drift  and 
the  steady  current  carried  the  Sedov  westward  at  a rate  of  approximately  25  miles  per  month. 

This  circumstance  must  be  kept  in  mind  in  further  considerations. 

An  examination  of  figure  135  shows  that  the  computed  drifts  of  the  station  "North  Pole" 
(dashed  line)  and  of  the  icebreaker  Le-  in  depart  considerably  from  the  observed  drifts.  This  does 
not  indicate  that  the  established  relationship  between  the  distribution  of  pressure  and  the  drift 
elements  is  inaccurate,  but  rather,  it  confirms  the  relationship.  Actually,  all  that  has  been  said 
applies  to  drift  which  is  practically  unaffected  by  the  coastline,  the  bottom  relief  and  powerful 
steady  currents.  These  factors  were  taken  into  account  to  a certain  extent  during  the  drift  of  the 
Sedov,  but  not  during  the  drifts  of  station  "North  Pole"  and  the  icebreaker  Lenin. 

Powerful  steady  currents,  basically  north  to  south,  were  observed  in  the  drift  region  of  the 
station  "North  Pole".  It  is  quite  natural  that  under  such  circumstances  the  calculated  drift  would 
not  coincide  with  the  actual  drift,  which  consists  of  pure  wind  drift  created  by  local  winds  and  the 
drift  caused  by  steady  currents. 

Figure  135  shows  the  drift  of  the  station  "North  Pole”  (dash  dot)  calculated  by  the  method 
outlined  above,  but  with  the  introduction  of  a correction  for  the  steady  current  (taken  from  table 
105)  in  every  monthly  movement.  Table  105  was  compiled  on  the  basis  of  the  data  of  station 
"North  Pole". 

TABLE  105.  ELEMENTS  OF  STEADY  CURRENTS  IN  THE  DRIFT  REGION  OF 
STATION  "NORTH  POLE" 


Month 

Mean  Coordinates 

Current  Elements 

Latitude 

Longitude 

Direction 

Velocity  In 
Miles/' Day 

(1937) 

May- June 

89°  00' 

20°  W.L. 

160° 

1.4 

July 

88  10 

10°  W.L. 

95 

2.2 

August 

87  30 

5“  W.L. 

180 

1.2 

September 

78  50 

8°  E.L. 

185 

5.0 

October- November 

86  10 

0°  E.L. 

155 

1.2 
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Table  105.  (Continued) 


Mean  Coordinates 

Current  Elements 

Month 

Latitude 

Longitude 

Direction 

Velocity  In 
Miles/ Day 

December ...  1 

84°  00’ 

5°  E.L. 

180° 

2.2 

January,  1938  

81  20 

6°  E.L. 

180 

3.4 

The  calculated  drift  corrected  in  this  way  agrees  with  the  observed  drift,  although  the  dis- 
crepancies which  appear  indicate  that  the  coefficients  are  somewhat  too  high. 

In  the  case  of  the  drift  of  the  n , the  nature  of  the  discrepanices  clearly  indicate  that 
the  decisive  role  here  was  played  by  the  immediate  proximity  of  the  coastline.  Actually,  during 
the  entire  winter  the  observed  drift  deviated  to  the  left  of  the  computed  drift,  namely  in  the  direc- 
tion in  which  it  should  have  deviated  with  a coastline  to  the  right.  Possibly,  in  this  case  the  shoals 
also  played  a part.  It  is  quite  probable  that  the  rule  of  ice  drift  along  the  isobars  is  not  fully 
applicable  to  ice  over  shoals.  It  is  easy  to  show  that  if  the  shoals  did  have  a substantial  influence 
on  the  direction  of  wind  drift,  it  would  deflect  the  drift  to  the  left  of  the  isobars. 

It  has  already  been  noted  that  figure  135  was  constructed  without  consideration  of  the  steady 
current  in  the  drift  region  of  the  . V..-'  .-y.  After  the  elements  of  the  steady  currents  in  the  drift 
region  of  the  V,i  v had  been  computed,  it  appeared  that  there  was  some  possibility  of  determining 
the  coefficient  which  connects  the  speed  of  pure  wind  drift  with  a distance  between  the  isobars  by 
empirical  methods.  I did  this  for  the  ten-day  pressure  maps,  and  on  an  average  of  35  cases 
examined  I iound: 
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where  • is  the  pure  wind  drift  of  ice  fields  (steady  current  excluded),  expressed  in  miles/ten  days; 
is  the  distance  in  miles  between  the  isobars  on  the  ten  day  pressure  charts,  drawn  every  1 mb. 

It  should  be  emphasized  that  37  cases  are  too  few  to  establish  a sufficiently  reliable  factor 
of  proportionality  between  the  pressure  gradient  or  the  distance  between  isobars  and  the  speed. 

In  view  of  this.  I feel  personally  that  the  law  of  movement  along  the  isobars  (in  the  deep  part 
of  the  Arctic  Basin  at  any  rate)  may  be  considered  sufficiently  proven,  but  further  data  are  required 
to  determine  the  factor  of  proportionality  between  the  pressure  gradient  and  the  drift  speed. 

Thus,  I suggest  that  the  maps  of  computed  and  observed  drift  given  here  as  well  as  other 
maps  constructed  on  the  basis  of  these  formulas  should  be  examined  merely  as  an  application  of  a 
new  method  and  an  indication  of  the  possibilities  offered  by  tills  method.  Further,  although  the 
schemes  obtained  on  the  basis  of  the  proposed  method  cannot  be  regarded  as  having  an  absolute 
value,  the  relative  data  obtained  by  the  new  method  certainly  merits  attention. 

It  should  be  noted  that  attempts  at  a practical  application  of  this  method  for  short  range  ice 
forecasting  have  already  been  made  and  have  yielded  positive  results.  F'or  example,  in  the  summer 
of  1940  Ovchinnikov  successfully  traced  the  movements  of  ice  edges  in  the  Kara  Sea,  using  the  law 
of  movement  of  ice  along  isobars  and  calculating  the  ice  drift  speed  from  the  atmospheric  pressure 
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differences  at  the  various  polar  stations.  In  the  winter  of  1941-1942,  Somov  successfully  traced 
the  wind  drift  of  ice  masses  in  the  White  Sea,  using  both  my  laws  and  my  coefficients. 

The  following  may  serve  as  an  example  of  the  possibilities  of  employing  my  method.  On  27 
March  1943,  during  a flight  north  of  Rudolf  Island  (Franz  Joseph  Land),  the  navigator  of  the  plane 
Padal  ha  reported  that  dozens  of  icebergs  were  sighted  between  84°  and  84°  30'  north,  the  number 
of  icebergs  decreased  westward.  However,  in  1937,  during  several  flights  not  a single  iceberg 
was  seen  in  that  region  and  in  general  no  Icebergs  were  sighted  on  the  meridian  of  Rudolf  Island 
(Ostrov  Rudol'fa)  thus  the  question  arises:  from  where  did  the  icebergs  come? 

At  my  request  and  upon  my  suggestions,  Karelin  solved  the  problem  by  the  "reverse 
approach, " namely:  knowing  the  end  point,  he  calculated  the  initial  point  on  the  isobar  charts. 

He  found  that  the  Icebergs  were  brought  from  the  west  coast  of  Severnaya  Zemlya.  In  his  calcula- 
tions, Karelin  did  not  consider  the  steady  surface  current  which  carried  the  F ram  and  the  Sedov 
from  east  to  west.  If  he  had  done  this,  undoubtedly  his  calculations  would  have  shown  that  these 
icebergs  were  brought  from  regions  adjacent  to  the  east  coast  of  Severnaya  Zemlya,  where  large 
accumulations  of  icebergs  are  observed  some  years. 

LITERATURE:  67,  70,  72,  77. 

Section  138.  The  Drift  of  Ice  During  the  Passage 
of  Pressure  Systems* 

During  the  passage  of  pressure  systems,  the  wind  at  one  in  the  same  point  on  the  earth's 
surface  changes  speed  and  direction  continually.  In  this  connection,  the  wind  drift  of  ice  also 
changes  correspondingly.  The  cyclone  is  the  most  sharply  defined  pressure  system.  Let  us 
examine  the  influence  of  the  passage  of  a cyclone  on  the  movement  of  ice  in  the  northern  hemi- 
sphere, and  let  us  make  the  following  simplifying  assumptions: 

1.  The  isobars  in  the  cyclone  are  circular. 

2.  The  ice  drifts  along  the  isobars  at  a velocity  proportional  to  the  pressure  gradient. 

3.  The  ice  floes  are  free  to  move  in  any  direction  and  have  no  inertia  (they  begin  to  drift 
soon  after  they  enter  the  cyclone  region  and  they  stop  drifting  as  soon  as  they  leave  this  region). 

Figure  136  shows  the  drifts  of  ice  floes  which  are  equidistant  at  the  initial  moment  of  drift 
and  on  a line  perpendicular  to  the  cyclonic  motion.  The  pressure  is  the  same  throughout  the 
cyclone  region.  The  cyclone  is  moving  at  a constant  speed.  The  drift  speed  of  the  ice  floes  is 
assumed  to  be  1/25,  1/10,  1/5  and  1/2  of  the  rate  of  movement  of  the  cyclone. 

Figure  137  shows  a more  complex  case.  It  is  assumed  that  the  pressure  gradient  in  the 
cyclone  region  varies  according  to  the  law  depicted  in  this  figure.  The  speed  of  the  ice  floe  drift, 
varying  according  to  this  same  law,  becomes  so  small  at  a certain  distance  from  the  center  of  the 
cyclone  that  in  practic  it  can  be  neglected. 

Figure  138  shows  the  curvature  of  the  lines  parallel  and  perpendicular  to  the  path  of  the 
cyclone  and  equidistant  at  the  initial  moment.  It  is  proposed  that  the  isobars  of  the  cyclone  are 


♦This  section  was  written  after  the  book  had  been  submitted  to  the  printer,  thus,  not  all  the 
conclusions  were  reached  which  might  have  been  reached  in  a more  thorough  treatment  and  the 
conclusions  reached  were  not  formulated  precisely. 
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Figure  136.  Schemes  of  the  drift  of  ice  floes  during  the  passage  of  a cyclone 
with  circular  isobars  and  with  a constant  pressure  gradient. 


DISTRIBUTION  OF  THE  PRESSURE  GRADIENT 
FROM  THE  CENTER  OF  THE  CYCLONE  TOWARD 
THE  PERIPHERY 


CENTER  OF  THE 
CYCLONE 


Figure  137.  Scheme  of  the  drift  of  ice  during 
the  passage  of  a circular  cyclone 
with  pressure  gradients  changing 
from  the  center  toward  the 
periphery  of  the  cyclone. 


circular,  the  pressure  gradient  constant.  The  curvature  of  the  lines  is  shown  for  the  moment  when 
the  center  of  the  cyclone,  moving  from  left  to  right,  reaches  point  0.  The  curve  ACT-  is  the  most 
probable  curvature  of  the  line  perpendicular  to  the  path  of  the  cyclone,  after  the  passage  of  a 
cyclone  of  given  force  and  velocity.  Figure  138  gives  an  idea  of  the  direction  and  the  strength  of 
the  forces  acting  on  the  ice  during  the  passage  of  the  cyclone.  At  points  where  these  lines  con- 
verge, we  should  expect  hummocking;  at  points  where  they  diverge  we  should  expect  scattering  of 
ice. 


An  examination  of  the  figures  will  show  that  despite  complexities  the  drifts  of  the  individual 
ice  floes  during  the  passage  of  cyclones  of  various  structure  and  moving  at  various  speeds,  do  obey 
certain  laws,  namely: 

1.  The  slower  the  movement  of  the  cyclone,  the  more  complex  and  the  longer  are  the  paths 
described  by  the  ice  floes. 
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Figure  138.  Curvatures  of  lines  perpendicular  and  parallel  to  the 
path  of  the  cyclone. 

2.  All  floes  describe  trajectories  whose  directions  of  convexity  lie  to  the  right  of  the  path 
of  the  cyclone. 

3.  All  left-hand  floes  (to  the  left  of  the  cyclone  path  at  the  initial  moment)  and  some  of  the 
right-hand  floes  (to  the  right  of  the  path  of  the  cyclone  at  the  initial  moment!  describe  counter- 
clockwise trajectories;  and  remaining  floes  follow  clockwise  trajectories.  The  slower  the  cyclone 
movement,  the  greater  will  be  the  number  of  floes  which  describe  counterclockwise  trajectories. 

In  the  case  of  a stationary  cyclone,  all  floes  will  describe  counterclockwise  trajectories. 

4.  Before  the  center  of  the  cyclone  crosses  the  initial  line  of  the  floes,  all  floes  move  up- 
ward (according  to  the  orientation  of  the  figures)  and  then  they  begin  to  move  in  the  opposite  direc- 
tion. In  this  connection,  when  the  center  of  the  cyclone  approaches  the  initial  line  of  the  floes, 
concentration  occurs  on  the  left  side  of  a cyclone  path  and  scattering  on  the  right.  After  the  cyclone 
center  passes  over  the  initial  line,  the  floes  begin  to  move  in  the  opposite  direction  and  after  pass- 
ing through  the  entire  cyclone  region  they  are  almost  the  same  distance  from  the  center  of  the 
cyclone  as  at  the  initial  moment. 

5.  The  displacements  of  the  floes  in  a direction  perpendicular  to  the  path  of  the  cyclone  are 
considerably  smaller  than  their  displacements  parallel  to  the  path  of  the  cyclone.  From  figure  138 
it  is  evident  that  the  horizontal  distances  between  the  left-hand  floes  gradually  increases  during  the 
passage  of  the  cyclone  and  consequently  a right-to-left  scattering  of  the  ice  occurs  to  the  left  of  the 
cyclone  path.  On  the  other  hand,  the  horizontal  distances  between  the  right-hand  floes  decrease 
more  and  more  as  the  cyclone  passes  over,  which  inevitably  leads  to  a concentration  of  the  ice  and 
also  to  hummocking  when  the  ice  floes  become  sufficiently  close  packed.  Here,  as  can  be  seen 
from  figure  138,  a ridge  of  hummocks  forms  in  connection  with  the  passage  of  the  cyclone  and 
moves  from  left  to  right  at  a rate  equal  to  the  rate  of  movement  of  the  cyclone.  Other  conditions 
being  equal,  the  slower  the  cyclone  moves,  the  larger  this  ridge  will  become.  Thus,  during  the 
passage  of  a cyclone  the  left-hand  ice  fields  break  up  and  their  parts  scatter,  while  the  right-hand 
ice  fields  hummock. 


6.  Since  ice  floes  move  in  different  directions  even  when  their  drift  speed  is  the  same  (see 
figures  136  and  138),  they  rotate  when  they  come  into  contact  with  each  other.  Of  course,  rotation 
of  the  floes  is  even  more  certain  when  the  floes  move  at  different  speeds  (figure  137). 

7.  If  the  individual  ice  fields  are  so  large  that  one  must  consider  the  difference  in  the  wind 
direction  at  their  edges,  the  fields  will  rotate  as  follows,  as  is  evident  from  an  examination  of  the 
figures:  floes  situated  both  to  the  right  and  to  the  left  but  near  the  path  of  the  cyclone  center  will 
move  counterclockwise,  those  situated  on  the  periphery  of  the  cyclone  region  and  to  the  right  and 
left  of  the  path  of  the  cyclone  center  will  move  clockwise. 

8.  As  can  be  seen  from  figure  138,  which  depicts  the  curvatures  of  equidistant  lines  parallel 
and  perpendicular  to  the  movement  of  the  cyclone  at  the  initial  moment,  there  are  three  main 
directions  ot  movement  of  the  floes  (on  the  map)  during  the  passage  of  a cyclone: 

1)  Upward. 

2)  From  right  to  left  in  the  upper  region  of  cyclone  influence. 

3)  From  left  to  right  in  the  lower  region  of  cyclone  influence. 

Reduction  of  the  horizontal  distance  between  scattered  floes  may  be  expressed  only  in  con- 
centration. However,  if  the  ice  is  close-packed  and  thick  enough  so  that  the  wind  characteristic  of 
the  cyclone  can  produce  only  slight  hummocking,  the  floes  which  are  already  in  the  cyclone  region, 
on  drifting  from  left  to  right,  will  encounter  floes  before  them  which  have  not  yet  entered  the 
cyclone  region.  Thus,  floes  may  be  set  in  motion  and  begin  to  hummock  long  before  the  wind 
begins.  This  phenomenon,  hummocking  preceding  a wind,  has  frequently  been  noted  by  polar  re- 
searchers (see  Section  95). 

The  phenomena  in  the  region  above  the  sphere  of  influence  of  the  cyclone  may  prove  to  be 
still  more  interesting.  Here,  under  these  same  conditions  (great  concentration  and  thickness  of 
the  ice,  limiting  intense  hummocking)  ice  drift  and  hummocking  may  occur  during  a complete  still. 
Such  cases  have  also  been  observed  frequently  by  polar  researchers. 

Thus  far  we  have  examined  the  movement  of  ice  during  the  passage  of  a cyclone  over  an  un- 
limited ice  area. 

Let  us  assume  that  the  vertical  dashed  line  i.;  (on  the  left)  in  figure  138  is  the  edge  of  ice 
before  the  passage  of  the  cyclone.  Of  course,  after  the  passage  of  the  cyclone  the  position  of  this 
ice  edge  will  be  depicted  by  the  extreme  left-hand  curve  of  figure  138.  In  section  .4  C,  the  ice  edge 
will  be  scattered,  while  in  section  CB  it  will  be  concentrated. 

Now  let  us  assume  that  tire  path  of  the  circular  cyclone  with  a constant  pressure  gradient 
intersects  a straight  channel  filled  with  ice  at  an  angle  of  45°  (figure  139).  Naturally,  in  this  case 
the  movements  of  the  floes  will  be  restricted  by  the  coastline  and  this  will  intensify  the  scattering 
effect  in  some  places  and  the  hummocking  in  others.  Let  us  assume,  further,  that  during 
hummocking  the  length  of  the  ice  fields  in  the  direction  of  movement  of  the  cyclone  and  at  the  wind 
force  characteristic  of  this  cyclone  will  not  be  reduced  by  more  than  1/4. 

Figure  139  shows  the  path  of  the  center  of  the  cyclone,  the  limits  of  its  influence,  the  regions 
of  compression  and  scattering  of  the  ice  and  also  the  direction  of  rotation  of  the  ice  fields.  By 
modifying  the  position  of  the  coastline  and  the  directions  of  the  cyclone  paths  relative  to  it  one  may 
approximate  natural  conditions.  Under  the  given  assumption,  even  a case  as  schematic  as  the  one 
depicted  in  figure  139  can  be  applied,  for  example,  to  the  Kara  Sea.  If  the  paths  of  the  cyclone 
centers  move  from  west  to  east  somewhere  in  the  region  of  Cape  Zhelaniya  (Mys  Zhelaniyal.  the 
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Figure  139.  Diagram  of  the  position  of  regions  of  hummocking,  pal  ynyas 
and  rotation  of  the  ice  during  the  passage  of  a cyclone  over  a 
rectangular  channel. 


Novaya  Zemlya  lead  will  result.  If  the  paths  of  the  cyclone  centers  pass  approximately  along  the 
parallel  oi  Yugorskii  Shar,  the  Yamal  lead  will  form,  etc. 

In  such  calculations,  one  must  remember  that  the  ice  edges  will  not  move  toward  the  shore 
or  the  shore  ice  at  the  same  rate  of  speed,  given  the  same  wind  force,  because  of  compaction  and 
hummocking.  For  example,  considerably  less  time  is  required  to  bring  ice  from  a concentration 
of  5/10  to  6/10  than  is  required  to  bring  it  from  a concentration  of  8/10  to  9/10.  Of  course,  the 
same  thing  applies  to  hummocking.  It  seems  reasonable  to  assume  that  these  phenomena  follow 
the  logarithmic  law,  but  thus  far  we  have  no  supporting  observations. 

LITERATURE:  77. 

Section  139.  The  Drift  of  an  Isolated  Ice  Floe 

As  direct  observations  have  shown,  individual  icebergs,  floes,  and  small  ice  fields  may  drift 
at  a speed  as  great  as  1.  5 knots  or  80  cm/ sec  and  more  during  fresh  winds,  i.  e. , the  wind  drift 
speed  of  isolated  floes  and  fields  may  be  2 to  3 times  greater  than  the  velocity  of  the  wind-driven 
current  which  forms  simultaneously.  * 

In  1935  to  1937,  Shestiperov,  observing  the  wind  drift  of  ice  Roes  in  the  Chuckchee  Sea  by 
means  of  a theodolite  set  up  on  Cape  Schmidt  (Mys  Schmidt)  at  an  elevation  of  48  m above  sea  level, 
noted  that  the  mean  wind  factor  during  winds  which  blew  along  the  coast  (in  either  direction)  varied 


♦On  an  ice-free  sea  the  energy  of  the  wind  acting  on  the  surface  of  the  sea  is  expended  on  the 
formation  of  waves,  on  mixing,  the  formation  of  currents  and  the  heating  of  the  sea.  Where  there 
is  an  ice  cover,  the  wind  energy  is  not  expended  on  the  formation  of  waves,  and  thus  there  is  less 
mixing.  However,  the  uneven  surface  of  the  ice  offers  high  resistance  to  the  wind,  which  explains 
the  relatively  rapid  drift  of  the  ice. 
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from  0.035  to  0.040.  The  maximum  speeds  of  the  floes  observed  at  the  same  wind  force  gave  a 
wind  factor  of  0.  08  - 0. 10.  * 

In  Individual  cases  the  wind  drift  of  Ice  may  be  considerably  stronger  than  this.  For  example, 
L.avrov  pointed  out  that  on  2 July  1928,  the  Icebreaker  v/o  i ug  i n caught  In  the  Ice  of  the  north- 
western part  of  the  Barents  Sea  drifted  westward  (toward  Ostrov  Nadezhda)  at  a rate  of  1 knot 
under  an  easterly  wind  of  force  of  6-7.  When  the  wind,  maintaining  a force  of  6-7,  changed  to 
northerly,  the  Mill  .gin  together  with  the  ice  moved  along  Ostrov  Nadezhda  at  3-4  knots  and  at  a 
distance  ot  3 or  4 miles  to  the  south  of  this  island  (toward  the  open  sea).  Calculations  of  the 
southward  drift  yielded  a wind  factor  of  0. 15.  Probably  this  intensive  drift  of  ice  was  not  purely 
wind  drift.  Nevertheless,  these  figures  are  striking. 

I have  made  the  following  assumptions  to  arrive  at  an  approximate  solution  of  the  problem  of 
the  wind  drift  of  an  isolated  ice  floe.  First,  I have  assumed  that  in  the  beginning  the  wind  drives 
the  ice  floe  but  the  water  remains  immobile.  Thus,  at  first  I examine  only  the  actual  wind  drift  of 
the  floe.  This  assumption  is  based  on  the  following:  direct  observations  have  shown  that  an 
individual  floe  is  set  in  wind  motion  at  a considerably  greater  rate  of  speed  than  the  wind  current 
would  allow  and  that  subsequently  it  moves  even  faster. 

Furthermore,  the  wind  current  in  the  sea  is  not  created  immediately.  Strulskll  has  shown 
(on  the  basis  of  2836  observations  of  winds  and  currents  in  the  Caspian  Sea)  that  frequently  there 
are  no  currents  even  during  quite  strong  winds,  and  sometimes  there  are  currents  that  rup  counter 
to  the  wind. 

This  is  explained  by  the  inertia  of  water  masses  and  chiefly  by  the  presence  of  residual 
currents. 

The  second  assumption  I have  made  to  simplify  the  problem  concerns  the  form  of  the  ice. 
Actually,  since  the  above  water  part  of  a floe  is  subject  to  wind  action  while  the  underwater  part 
of  the  floe  is  subject  to  the  resistance  of  water,  in  our  theoretical  treatment  we  can  select  the 
form  of  the  underwater  and  above-water  parts  of  the  floe  such  that  the  floe  can  move  in  various 
directions  with  respect  to  the  wind,  as  a sail,  set  in  different  ways,  can  move  a sailing  vessel  in 
various  directions.  Therefore,  let  us  select  a floe  shape  which  will  be  indifferent  with  respect  to 
a sail  and  resistance  of  water,  namely  a cylinder  with  a vertical  axis. 

If  we  assume  that  the  water  is  immobile  and  that  the  drift  will  occur  after  a certain  time 
interval,  three  balancing  forces  will  act  on  the  floe:  F-wlnd  pressure,  /t -hydrodynamic  resistance 
In  the  direction  opposite  that  of  the  drift  and  A -the  Coriolis  force  directed  (in  the  northern  hemi- 
sphere to  the  right  of  the  drift)  perpendicular  to  the  drift,  in  other  words  perpendicular  to  force  R 
(figure  140). 

Under  such  assumptions,  the  drift  angle  can  be  obtained  from  the  formula: 

tan  n = y,  • (1) 

n 

The  Coriolis  force  is: 

K = m 2 ioc  sin  ? = 8(  it r-  h2  wc  sin  <p  (2) 


♦Once,  during  a strong  wind,  an  isolated  floe  was  observed  to  drift  at  a speed  of  120  cm/sec 
or  2.33  knots  (wind  factor  0.12). 
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whereof  Is  the  angular  velocity  of  the  earth’s  rotation,  </>  the  geographic  latitude,  the  drift  speed, 
m 6(irr2  the  mass  of  the  floe,  6 the  density  of  the  ice,  r the  radius  of  the  base  of  the  floe  and 
the  height  of  the  floe. 

The  hydrodynamic  resistance  to  the  movement  of  the  floe  can  be  divided  into  three  parts. 

1)  wave,  ’2)  drag  and  3)  surface  resistance. 


1 neglect  the  wave  resistance,  since  the  speed  of  the  ice  drift  with  respect  to  the  water  is 
small.  The  drag  coefficient  may  be  considered  proportional  to  the  vertical  area  cross-section  of 
the  underwater  part  of  the  floe  and  the  second  power  of  the  drift  speed  of  the  floe.  Since  even  in 
the  case  of  Icebergs  the  vertical  dimensions  of  the  underwater  part  are  negligible  compared  with 
the  horizontal  dimensions,  1 have  also  neglected  the  drag  resistance  in  the  first  approximation. 

The  surface  resistance  is  also  proportional  to  the  surface  of  the  Interface  water-ice  and  the 
second  power  of  the  speed.  For  a cylindrical  floe  we  may  consider  the  surface  resistance  to  be: 

R — knr-c-,  (3) 

where  nr-  is  the  area  of  the  base,  is  the  proportionality  factor  and  c the  speed. 

Substituting  formulas  (2)  and  (3)  in  formula  (1).  we  get 

8,  rc  ra/l  „ . . h 

tan  u = -2 — 5-y-2cocsin  ® = A — sin?,  (4) 

K7 trv*  ' c ’ 

where  is  a proportionality  factor. 

From  this  formula  it  follows  that 

1 • The  drift  angle  of  the  actual  wind  drift  of  the  floe  is  a function  of  geographic  latitude, 
reaching  its  maximum  at  the  pole. 

2.  The  drift  angle  increases  with  increasing  vertical  dimensions  of  the  floe. 

3.  The  drift  angle  decreases  as  the  drift  speed  of  the  floe  increases;  since  the  drift  spood  of 
the  floe  is  a function  of  wind  spood.  the  stronger  the  wind  is,  the  smaller  the  drift  angle  of  the  floe 
will  lie. 

The  spood  of  the  actual  wind  drift  of  the  floe,  of  course,  is  a function  of  the  "sail  power"  of 
the  floo.  in  other  words  it  is  a function  of  the  ratio  of  tho  heights  of  tho  underwater  and  above-water 
parts  of  the  floe.  Direct  measurements  of  the  actual  wind  drift  of  icebergs,  mado  by  the 
International  Ice  Patrol  off  Newfoundland,  give  the  following  drift  speeds  of  isolated  icebergs 
(table  106)  in  miles  per  day,  given  in  em/soc  in  ixtrontheses,  according  to  Smith.* 

From  table  106  it  ts  evident  that  Smith  considers  tho  true  wind  drift  spood  of  the  ice  to  bo 
utxiut  directly  proportional  to  tho  ratio  of  tho  abovo-water  height  of  the  iceberg  to  the  underwater 
part  and.  furthermore,  proportional  to  the  wind  spood.  Taking  tho  average  wind  force  of  4 to  5 to 
be  7.5  m/sec  and  a wind  of  force  6-7  to  bo  12.5  m/soc,  I computed  the  wind  factors  given  in  table 
107  on  the  basis  of  Smith's  table. 


♦In  this  table  Smith  has  ignored  the  influence  of  the  current.  Furthermore,  here  and  else- 
where in  his  discussions  Smith  does  not  consider  the  Coriolis  force;  In  other  words,  he  considers 
the  actual  drift  speed  of  the  Ice  to  be  governed  by  tho  wind.  The  last  line  of  the  table  refers  to  the 
wind  drift  of  a vessel  off  Newfoundland. 


383 


TABLE  106.  SPEED  OF  PURE  WIND  DRIFT  OF  ICEBERGS 


Ratio  of  the  Underwater  to 
the  Above- Water  Parts  of 
the  Iceberg 


Wind  Force 


4-5  Points 


6-7  Points 


Wind  factor 


0.010  I 0.020 


Now  let  us  assume  that  the  iceberg  actually  drifts  in  the  wind  current.  Of  course,  an  ice- 
berg will  be  carried  along  by  this  current  at  an  average  velocity  corresponding  to  its  underwater 
and  above- water  contours. 


The  velocity  of  the  wind  current,  as  follows  from  Ekman's  theory,  decreases  very  rapidly 
with  depth  and  in  the  high  and  middle  latitudes  at  a depth  of  50  to  100  m it  reverses  its  direction, 
becomes  practically  zero.  Thus,  the  deeper  an  iceberg  sits  in  the  water,  the  slower  will  be  the 
drift  speed  imparted  by  the  current  and  the  more  it  will  be  deflected  to  the  right. 
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Thus,  according  to  Smith's  computations,  a wind  of  force  6 to  7 will  establish  a wind  current 
to  a depth  of  100  m in  1 to  2 days,  and  the  average  current  at  a depth  of  40  m will  move  in  a direc- 
tion 72*  to  the  right  of  the  wind  and  at  a velocity  of  5.  3 cm/ sec. 

Below  1 give  a selection  from  Smith's  computations  for  a wind  force  of  6 to  7 (table  108). 

TABI.E  108.  ELEMENTS  OF  THE  WIND  DRIFT  OF  ICEBERGS,  WITH  A 
WIND  FORCE  OF  6 TO  7 


Ratio  of  Under- 

Actual Speed  of 

Velocity  of  Move- 

water Part  of 

Drift  Icebergs 

ment  With  the 

Iceberg  to 

With  Wind  in 

Current  in 

Resultant  in 

Drift 

Height 

Cm /Sec 

Cm /Sec 

Cm/ Sec 

Angle 

From  3 to  5 

5.  3 

6.  4 

9.2 

40° 

From  1 to  2 

18.  0 

7.  9 

21. 8 

29 

As  Kireev  points  out.  the  wind  factor  for  vessels  standing  broadside  is  almost  independent  of 
the  wind  speed  and  is  0.  063  for  ships  drawing  <3  m;  0.  056-0.  040  for  a ship  drawing  3 to  7 m and 

0.038-0.  036  for  a ship  drawing  more  than  7 nt  drift. 

Individual  floes  react  differently  to  the  wind.  Small  floes  are  quickly  set  in  motion  as  the 
wind  begins.  Large  floes,  especially  deep  riding  floebergs  and  Icebergs,  remain  at  rest  or  retain 
their  residual  motion  for  long  time  Intervals. 

Thus,  in  a wind  current,  the  current  action  has  the  following  consequences: 

1.  The  lower  the  floe  rests  in  the  water,  the  greater  the  angle  of  drift  of  the  floe  from  the 
wind  direction  and  the  surface  current. 

2.  The  smaller  the  underwater  portion  of  a floe,  the  greater  its  drift  speed. 

The  wind  action  has  the  following  effect: 

1.  The  smaller  the  ice  floe  is  and  the  smaller  the  ratio  of  the  underwater  part  to  the  total 
height,  the  faster  the  floe  will  move. 

2.  The  greater  the  drift  speed  of  the  floe  and  the  greater  the  wind  speed,  the  smaller  the 
drift  angle. 

From  these  assumptions  it  follows  that  the  total  drift  of  floes  caused  by  the  wind  current 
and  the  wind  is  as  follows:  the  greater  the  underwater  portions  of  the  floe  are  and  the  greater  its 
size.  the  slower  Its  drift  speed  and  the  greater  the  drift  angle.  In  other  words,  the  deeper  the 
floe  rests  in  the  water  and  the  greater  the  size  of  the  floe,  the  more  it  will  be  subject  to  the  influ- 
ence of  steady  currents  and  wind  currents,  and  the  smaller  the  underwater  portion  of  the  floe  and 
the  size  of  the  floe,  the  greater  will  be  the  direct  influence  of  the  wind.  * 

In  examining  the  actual  wind  drift  of  Isolated  floes.  I assumed  that  the  floes  were  cylindrical 
with  a vertical  axis.  Now  let  us  assume  that  scattered  floes  are  elliptical  in  the  horizontal  plane. 


♦Gordtenko  has  Informed  me  that  these  simple  assumptions  have  been  confirmed  by  tnstru 
ment  observations  in  the  Chuckchee  Sea. 
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which  is  closer  to  the  (acts  observed  in  nature.  Actually,  as  we  have  seen,  individual  floes, 
experiencing  constant  collisions,  gradually  assume  a more  or  less  regular  oval  shape. 

For  simplicity's  sake,  1 propose  that  at  the  moment  the  wind  begins  to  act  on  the  floe  only  two 
forces  are  operative:  the  motive  force  of  the  wind  - and  the  hydrodynamic  resistance  R (figure 
141).  These  forces  are  opposite  in  direction,  and  are  applied  to  the  corresponding  centers  of  the 
lateral  surfaces  of  the  flee.  In  the  general  case,  they  are  applied  at  an  angle  to  the  surfaces. 

Dividing  each  of  these  two  forces  into  their  components,  one  perpendicular  and  the  other 
parallel  to  the  lateral  surface  of  the  floe  and  neglecting  the  Influence  of  the  forces  slipping  along 
the  lateral  surfaces  of  the  floe,  we  get  a pair  of  forces  that  strive  to  rotate  the  floe  such  that  the 
wind  pressure  and  the  resistance  of  the  water  will  be  parallel  to  the  minor  axis  of  the  floe.  * 

For  the  same  reason,  a ship  with  its  motor  stopped  stands  broadside  to  the  wind. 


Figure  141.  The  rotation  of  an  elliptical  ice  floe 
due  to  wind  action. 

Thus,  when  the  wind  begins,  at  first,  each  floe  rotates  and  then  begins  to  move. 
LITERATURE:  56,  59,  62,  77,  86,  94,  117,  127,  171. 

Section  140.  The  Drift  of  Scattered  Ice 

The  drift  of  scattered  ice  depends  on  the  concentration  of  such  ice  and  accordingly  can 
approximate  the  drift  of  close  pack  ice  (In  which  the  form  of  the  individual  floes  is  unimportant)  or 
the  drift  of  an  isolated  floe  (in  which  the  form  plays  a very  distinct  role). 

As  we  have  seen,  floes  of  various  sizes  drift  at  various  speeds  and  at  various  angles  to  the 
wind  even  when  their  external  form  is  identical.  The  motions  of  individual  floes  which  differ 
sharply  in  size  and  shape  differ  even  more.  This  greatly  complicates  the  investigation  of  the  drift 
of  more  or  less  scattered  ice,  where  one  must  consider  the  collisions  of  floes. 

Sverdrup,  in  analyzing  his  observations  of  the  wind  drift  of  ice  in  the  East  Siberian  Sea 
during  the  expedition  on  the  Xaud  (1922  to  1924)  and  the  observations  of  Brennecke  in  the  Weddell 
Sea  (1911  to  1912),  concluded  that  the  following  forces  determine  the  speed  and  direction  of  ice 
drift  after  the  motion  has  become  steady: 

1.  The  friction  between  air  and  ice  direction  with  the  wind. 

♦If  the  forces  were  parallel  to  the  major  axis  of  the  floe,  the  equilibrium  would  nol  be 
stable. 
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2.  The  Coriolis  force,  directed  perpendicular  to  the  drift  and  proportional  to  the  drift  speed 
and  the  mass  of  the  ice. 

3.  The  friction  between  ice  and  water. 

4.  The  Internal  resistance  of  the  ice  caused  by  the  collision  of  individual  ice  floes  moving 
differently.  Sverdrup  assumes  that  this  force  is  proportional  to  the  drift  and  acts  in  a direction 
opposite  that  of  the  drift. 

Two  approaches  may  be  used  to  solve  the  problem. 

First,  the  ice  may  be  regarded  as  a thin  film  which  moves  together  with  the  surface  waters. 
Consequently,  the  mass  of  the  ice  and  therefore  the  Coriolis  force  acting  on  the  ice  can  be  ignored. 
In  this  case,  the  problem  is  solved  by  determining  the  elements  which  cause  the  water  -ice  friction. 
This  force  may  be  calculated  from  the  wind  speed,  because  in  the  case  of  steady  motion  the  three 
forces,  air-ice  friction,  ice- water  friction  and  the  internal  resistance  of  the  ice  should  balance. 
Sverdrup  used  this  approach  to  analyze  Brennecke's  observations  in  the  Weddell  Sea  on  the  drift 
of  thin  scattered  ice. 

Using  the  second  approach,  one  may  neglect  the  force  of  the  ice-water  friction,  in  other 
words  one  may  neglect  the  mass  of  the  wind  current  layer.  Sverdrup  used  this  method  to  analyze 
his  observations  made  on  the  Maud  expedition  for  the  drift  of  the  close-packed  and  relatively  thick 
ice  of  the  East  Siberian  Sea.  Here  the  internal  resistance  of  the  ice  was  great.  It  reduced  the 
drift  and  rendered  the  ice-water  friction  negligible, 

Sverdrup  introduced  the  internal  resistance  of  the  ice  into  the  examination  to  explain  why  the 
drift  angle  of  the  ice  was  smaller,  according  to  his  observations,  than  that  required  by  Ekman's 
theory.  However,  introduction  of  the  resistance  force  should  also  have  involved  a reduction  of 
the  speed  of  the  wind  drift  or,  in  other  words,  of  the  wind  factor,  but  the  observations  showed 
otherwise. 

Figure  142  shows  the  results  of  Brennecke's  observations  of  the  wind  drift  of  relatively  thin 
(about  one  meter  thick)  and  scattered  ice  fields  in  the  Weddell  Sea.  These  observations  show  the 
connection  between  the  wind  factor  (dashed  line),  the  drift  angle  (solid  line)  and  the  wind  speed. 
From  the  figure  it  is  evident  that  the  drift  angle  decreases  with  Increasing  w ind  speed,  while  the 
wind  factor  remains  nearly  constant  with  increasing  wind  speed. 

Let  us  also  note  here  that  Brennecke's  observations  show  that  the  wind  current  affected  only 
a very  thin  layer  of  underwater  Ice.  At  a depth  of  just  2 m,  the  current  deviated  19°  from  the  ice 
movement,  and  the  velocity  of  the  wind  current  was  only  58  per  cent  that  of  the  ice  drift.  At  a 
depth  of  only  25  m the  wind  drift  was  practically  0. 


Figure  142.  The  relationship  between  the  wind  speed  in 
m/sec  (lower  scale),  the  drift  angle  of  the 
ice  (scale  on  the  right)  and  the  wind  factor 
(scale  on  the  left)  in  the  Weddell  Sea. 
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Table  109  shows  the  average  wind  factors  in  the  East  Siberian  Sea,  according  to  Sverdrup's 
observations  from  1922  to  1924.  The  table  indicates  that  the  wind  factor  from  July  to  September  is 
considerably  greater,  which  is  explained  by  the  greater  unevenness  of  the  upper  layers  of  ice  and  by 
the  fact  that  they  are  thinner  and  also  by  the  greater  free  movement  of  the  ice  in  the  summer  period 
due  to  the  greater  number  of  open  leads. 


TABLE  109.  ELEMENTS  OK  THE  WIND  DRIFT  OF  ICE 
IN  THE  EAST  SIBERIAN  SEA 

Winter  Months  (November-March) 
Ice  thickness  about  3.5  m 


Average  wind  speed 
in  m/sec 

1.62 

2.43 

3.46 

4.34 

5.69 

7.52 

Wind  factor 

0.0185 

0.0143 

0.0108 

0. 0154 

0.0174 

0.0229 

Number  of 

observations 

19 

35 

21 

14 

12 

5 

Summer  Months  (July- September) 
Ice  thickness  about  2 m 


Average  wind  speed 
in  m/sec 

1.41 

s 

3.38 

4.25 

5.68 

7.45 

Wind  factor 

0.  0405 

0 0289 

0.03  07 

0.0181 

0.0218 

0.0378 

Number  of 

observations 

41 

9 

17 

6 

4 

2 

According  to  Sverdrup,  if  one  considers  only  the  winds  that  are  sufficiently  prolonged  and 
which  insure  steady  motion,  during  the  period  8 August  1922  through  17  March  1924,  the  wind  factor 
varied  from  0.0108  to  0.0275,  while  the  drift  angle  varied  from  26°  to  47°.  The  average  values  for 
the  whole  period  of  observation  were:  wind  factor  0. 0204,  drift  angle  37° 


During  a wintering  on  Mys  Schmidt  (Cape  Schmidt)  in  the  Chuckchee  Sea  (1938  to  1940). 
C.ordlenko  made  many  observations  of  the  wind  drift  of  ice.  These  observations  were  made  with 
two  theodolites  mounted  on  the  shore  at  a given  distance  from  each  other  and  from  the  actual  drift- 
ing ice.  In  addition,  Gordienko  used  observations  of  the  wind  drift  of  ice  made  on  Mys  Schmidt  by 
Shestlperov.  Gordienko  compiled  a table  of  wind  factors  as  a function  of  the  concentration  and 
hummocking  of  ice  on  the  basis  of  his  processing  of  these  observations  (table  1101. 


From  the  table  it  is  evident  that  ice  with  a concentration  of  1/10  drifts  approximately  4 times 
faster  than  ice  with  a concentration  of  9/10  and  that  the  drift  speed  Increases  with  hummocking. 


TABLE  110.  THE  WIND  FACTORS  OF  ICE  DRIFTS  AS  A FUNCTION  OF 
CONCENTRATION  (n)  AND  1IUMMOCKING  (ti)  OF  THE  ICE. 
THE  FACTOR  IS  MULTIPLIED  BY  10'1 


n 

m 

1 

2 

3 

4 

5 

6 

7 

8 

9 

i 

90 

80 

70 

60 

50 

40 

35 

30 

25 

2 

180 

160 

140 

120 

105 

90 

70 

60 

50 

3 

270 

245 

220 

200 

175 

150 

125 

100 

80 

4 

360 

330 

295 

260 

230 

195 

160 

130 

100 

3 

430 

410 

370 

330 

290 

250 

210 

170 

130 

6 

340 

490 

440 

395 

350 

305 

260 

210 

160 

7 

630 

575 

520 

465 

410 

355 

300 

245 

190 

8 

720 

650 

600 

540 

475 

410 

350 

285 

220 

9 

810 

740 

670 

590 

520 

450 

390 

310 

245 

LITERATURE.  62,  77.  173.  174. 

Section  141.  Wind  Strips  of  Ice 

Ice  of  low  concentration  and  different  shapes  and  sizes  exhibits  several  more  characteristic 
features  of  wind  drift. 


Let  us  assume  that  at  the  initial  moment  and  complete  absence  of  wind,  ice  floes  of  various 
form  and  size  are  distributed  evenly  over  a certain  sector  of  the  sea.  When  the  wind  begins,  all  the 
floes  gradually  begin  to  move.  First  they  all  turn  such  that  their  major  axes  are  approximately 
perpendicular  to  the  motion  and  second  they  begin  to  move  at  different  rates  of  speed  and  in  different 
directions  depending  on  their  size,  shape  and  depth  below  water  level. 


Naturally,  after  a certain  time  interval  the  small  floes,  which  began  to  move  earlier  (because 
of  their  smaller  inertia)  and  which  move  faster,  gradually  overtake  the  larger  floes  and  either  slip 
through  the  intervals  between  the  large  floes  or  come  into  contact  with  the  windward  sides  of  the 
large  floes.  Gradually,  the  individual  free  spaces  between  the  floes  become  filled  with  the  floes 
arriving  "from  windward"  and  strips  of  ice  form  in  the  examined  sector  of  the  sea.  These  bands 
extend  in  a direction  approximately  perpendicular  to  the  wind  direction  and  consist  of  ice  floes  of 
various  sizes  driven  together  (figure  143). 


Figure  143.  The  wind  drift  of  ice  strips  and  the 
size  distribution  of  floes. 


Naturally,  in  such  strips  of  ice  the  floes  will  arrange  themselves  by  size:  the  largest  floes  on 
the  leeward  side  of  the  strip,  the  smaller  floes  on  the  windward  side.  The  stronger  the  wind,  the 
closer  packed  will  he  the  individual  strips.  If  the  wind  slackens  and  especially  if  the  wind  ceases. 
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the  strips  will  begin  to  drift  apart,  because  the  larger  floes  will  continue  to  move  by  inertia,  while 
the  smaller  floes  will  stop. 


With  each  change  In  the  wind,  the  floes  will  regroup  and  new  elongated  strips  will  form 
correspondingly.  * 

The  distance  between  the  Individual  strips  may  vary  greatly,  from  tens  of  miles  to  several 
miles,  depending  on  the  quantity  of  ice  and  the  size  of  the  main  floes  which  form  on  the  leeward  side 
of  each  strip. 

If  there  is  a coastline  or  immobile  ice  on  the  leeward  side  of  the  strips  moving  in  this  manner, 
the  individual  strips,  gradually  moving  on  shore  or  onto  the  ice,  will  cause  compression  and  subse- 
quent hummock  formation  due  to  the  loss  of  the  inertia  of  each  individual  strip.  Of  course,  the  lines 
of  hummock  formation  will  run  parallel  to  the  strips  of  ice. 

The  wind  formation  of  ice  strips  does  not  cease  even  in  winter,  except  that  in  winter  the  indi- 
vidual floes  driven  into  strips  quickly  fuse  together  as  a unit  and  drift  as  a new  ice  formation.  When 
the  wind  ceases,  the  strips  do  not  break  apart  but  remain  large  individual  fields  until  they  are 
broken  up  by  storms  of  sufficient  force.  In  winter  during  stills  the  open  spaces  of  water  between  the 
strips  becomes  covered  with  young  ice  and  subsequently  in  large  ice  fields  strips  of  stronger  (old) 
and  weaker  (young)  ice  alternate. 

LITERATURE:  62,  77. 

142.  Compressive  and  Dispersive  Winds 

Let  us  assume  (figure  144)  that  MN  is  a shoreline  (or  immobile  ice).  On  drawing  line  AC  at 
an  angle  a (drift  angle  of  the  ice  in  the  given  region)  to  line  MN  . we  find  that  with  any  wind  from 
sector  ABC  the  wind  movement  of  the  ice  will  have  a velocity  component  directed  toward  the  shore 
and  therefore  these  winds  will  be  compressive  with  respect  to  the  shore,  while  winds  from  sector 
ADC  will  be  dispersive.  Further,  the  greatest  compressive  forces  will  occur  with  a wind  from  P 
toward  and  the  greatest  dispersive  forces  will  occur  with  a wind  from  r toward  0. 

Going  into  further  detail,  we  find  that  when  the  winds  are  from  sector  AO B , the  drift  angle  of 
the  ice  will  be  greater  and  with  winds  from  sector  BOC  smaller  than  the  angle  of  ice  drift  in  the  open 
sea.  Actually,  with  a wind  from  E toward  0 , the  drift  speed  of  the  floe  (moving  at  a theoretical 
angle  of  Inclination  to  the  wind  direction)  has  two  components:  one  perpendicular  to  the  shoreline 
and  the  other  parallel  to  the  shore  from  point  M toward  point  N.  Consequently  the  first  component 
will  be  damped  by  the  resistance  of  the  shoreline  and  the  second  will  somewhat  increase  the  total 
drift  angle.  Naturally,  when  the  wind  is  from  sector  COB,  we  will  get  the  opposite  picture  and 
individual  cases,  such  as  a possible  zero  drift  angle  or  even  an  ice  drift  to  the  left  of  the  direction 
of  the  acting  wind  in  the  northern  hemisphere. 


•In  my  opinion,  the  elongation  of  the  open  leads  (razvodya)  in  a direction  approximately  perpen- 
dicular to  the  direction  of  the  wind  explains  the  brilliant  navigation  in  ice  performed  by  sailing 
vessels  in  the  past.  I confirmed  this,  during  a voyage  during  which  we  rounded  Franz  Joseph  Land 
in  1932  on  the  motor  sailing  vessel  Knipovich  . 
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Figure  145  shows  the  relationship  between  the  wind  direction,  the  wind  drift  of  ice  and  the  ice 
concentration.  The  sketch  was  made  by  Shestiperov  on  the  basis  of  580  series  of  observations  made 
by  him  at  Mys  Schmidt  in  the  Chuckchee  Sea  with  a theodolite.  From  this  sketch,  in  which  the  thick 
arrows  indicate  direction  and  force  of  the  wind  at  the  time  of  observation  and  the  thin  arrows  indi- 
cate the  direction  and  speed  of  the  wind  drift  of  the  ice,  we  can  see  that  generally  the  drift  angle  in- 
creases as  the  concentration  of  the  ice  decreases  (greater  freedom  of  motion  of  the  floes)  and 
second  that  the  wind  drift  of  the  ice  is  deflected  to  the  left  of  the  wind  direction  in  the  case  of  north- 
erly and  northwesterly  winds,  and  by  the  orientation  of  the  coastline  in  this  region  (compass 
direction  130-310  = ). 

The  configuration  of  the  coast  along  the  Chuckchee  Sea  where  Shestiperov  conducted  his  obser- 
vations is  very  straight,  hence  the  winds  can  be  separated  into  compressive  and  dispersive  com- 
ponents very  simply  on  the  basis  of  logical  judgments.  In  other  regions,  where  the  coastline  is 
sinuous,  only  observations  can  reveal  whether  a wind  is  compressive  or  dispersive  and  such  obser- 
vations must  be  made  for  various  amounts  of  ice  in  the  adjacent  regions  of  the  sea  and  under  various 
synoptic  conditions. 

There  are  characteristic  phenomena  associated  with  compressive  and  dispersive  winds  rela- 
tive to  the  edge  of  floating  ice. 

During  compressive  winds,  the  ice  edge  is  highly  consolidated  and  stretches  in  a relatively 
even  and  stable  line  for  a great  distance.  Usually,  the  ice  is  close  packed  at  the  very  edge  while  at 
some  distance  from  the  edge  it  is  less  compact.  Thus,  the  edge  of  the  pack  acts  somewhat  as  a 
break-water.  In  the  case  of  dispersive  winds,  the  edge  becomes  scattered.  On  the  seaward  side  of 
this  type  of  ice  edge,  one  finds  small  floes  greatly  eroded  by  the  wind  and  waves  and  on  passing 
farther  into  the  ice  the  number  of  floes  and  the  size  of  the  floes  gradually  increase. 


During  dispersive  winds,  very  often  whole  strips  of  ice  consisting  of  floes  of  various  size  and 
form  detach  from  the  edge.  In  these  strips,  which  stretch  in  a direction  approximately  perpendicu- 
lar to  the  wind  direction,  the  floes  usually  group  as  indicated  above;  i.e. , the  larger  floes  are  found 
on  the  leeward . 
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Figure  145.  Relationship  between  the  force  and  the  direction  of  the  wind,  the  drift  angle 

and  the  drift  speed  and  the  amount  of  ice  concentration  in  tenths  at  Mys  Schmidt. 
The  figures  in  parentheses  indicate  the  number  of  observations. 

With  neutral  winds  (i.e. . winds  blowing  approximately  along  the  ice  edge)  the  individual  floes, 
which  have  broken  free  from  the  edge,  group  and  form  characteristic  ice  tongues  which  stretch  ap- 
proximately perpendicular  to  the  edge.  If  a neutral  wind  becomes  compressive,  the  seaward  end  of 
these  ice  tongues  turns  inward  and  presses  against  the  edge  of  the  pack.  When  the  neutral  wind  be- 
comes dispersive,  the  tongues  turn  away  from  the  pack  and  are  carried  out  to  sea.  Until  their  final 
regrouping,  they  are  reminiscent  of  the  dispersed  strips  of  ice.  but  they  differ  from  the  latter  by  a 
difference  of  90°  in  orientation  as  well  as  in  the  disposition  and  size  of  the  floes. 

Equally  characteristic  phenomena  occur  during  offshore  and  onshore  winds.  Every  compres- 
sive (onshore)  wind  in  general  causes  compression  and  a massing  of  ice  along  the  shore.  If  there  is 
a small  amount  of  ice  in  a given  region,  as  in  summer,  and  if  the  waters  are  highly  stratified  (as  in 
the  case  of  ice  regions),  the  upper  layer  is  sometimes  completely  driven  toward  the  shore  and  a 
wind  countercurrent  forms  in  it.  Along  the  line  of  impact  of  the  wind  sea  current  and  the  wind 
coastal  countercurrent,  a line  of  immersion  may  be  created  along  which  the  ice  brought  from  the 
sea  accumulates  and  forms  a special  strip  along  the  coast. 

In  some  cases,  the  open  water  along  the  coast  may  persist  for  a long  period  of  time  even  in 
presence  of  powerful  compressive  winds  and  large  amounts  of  ice.  For  this  to  occur,  the  coastal 
waters  must  be  quite  fresh  (as  a result  of  melting  and  the  influx  of  coastal  waters)  and  then  warmed 
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intensively.  Naturally,  under  such  circumstances  a thick  and  very  light  layer  of  water  forms  along 
the  shore,  and  in  this  layer  a circulation  occurs  counter  to  the  wind  and  keeps  the  floating  ice  away 
for  a long  period  of  time.  Such  a situation  is  not  very  probable  in  winter,  because  in  winter  the 
waters  are  less  stratified. 

However,  during  onshore  winds  in  coastal  waters  a circulation  is  created  with  horizontal  axes 
approximately  parallel  to  the  shoreline.  These  circulations,  thanks  to  friction  along  the  bottom, 
raise  the  sea  level  at  the  shoreline.  The  resistance  to  friction  increases  in  proportion  to  the  square 
of  the  velocity,  and  therefore  the  velocity  of  the  onshore  current  does  not  increase  in  proportion  to 
the  wind  speed,  as  in  the  case  of  currents  in  the  open  sea.  Furthermore,  the  speed  of  the  actual 
wind  drift  of  ice  is  not  a function  of  nearness  to  the  shore  and  thus  the  drift  of  ice  toward  the  shore 
is  not  decelerated  by  the  shore  as  much  as  the  movement  of  the  coastal  waters,  and  continues  even 
after  the  movement  of  the  coastal  waters  in  this  direction  has  ceased. 

In  the  case  of  offshore  (dispersive)  winds,  the  ice  becomes  scattered  or  leads  form  which 
stretch  along  the  coast  or  the  edge  of  the  immobile  ice. 

UTERATURE:  62,  77. 


Section  143.  Wind  Leads  and  Polynyas 

Wind  and  polynyas  form  along  the  shore,  or  at  the  edge  of  shore  ice  and  may  be  temporary  (in 
the  case  of  temporary  offshore  winds  occurring  during  the  passage  of  pressure  systems)  or  constant 
(in  the  case  of  prevailing  offshore  winds). 

The  temporary  wind  and  polynyas  are  sometimes  highly  important  for  navigation  in  long 
straits. 

Figures  140  a and  b show  the  ice  situation  in  Vilkitski  Strait  according  to  aerial  reconnais- 
sance data  for  8 and  24  July  1.943. 

We  know  that  in  Vilkitski  Strait  there  is  a stream  of  ice  carried  out  from  the  Kara  Sea  by  a 
steady  current  into  the  Laptev  Sea.  This  flow  of  ice  increases  with  favorable  westerly  winds  and 
decreases  with  easterly  counter  winds.  Furthermore,  winds  cause  this  stream  to  shift  sometimes 
to  the  north  and  sometimes  to  the  south. 

During  the  natural  synoptic  period  from  1 through  7 July  1943,  the  isobars  in  Vilkitski  Strait 
stretched  northwest-southeast,  and  the  center  of  the  pressure  high  was  situated  abo\  e the  southwest 
part  of  the  Kara  Sea,  while  the  low-pressure  center  was  located  over  the  New  Siberian  Islands.  The 
reconnaissance  of  8 July  shows  that  an  enormous  polynya  formed  off  the  south  coast  of  Bolshevik 
Island  as  a result  of  north-northwest  winds  and  the  ice  drift  southeast. 

From  8 through  13  July,  the  isobars  in  the  region  of  Vilkitski  Strait  stretched  almost  from 
north  to  south,  the  high  pressure  region  was  situated  above  the  northern  part  of  the  Laptev  Sea.  In 
the  synoptic  period  which  began  21  July,  the  isobars  were  situated  approximately  as  they  had  been 
in  the  period  from  8 through  13  July.  Corresponding  to  this  position  of  the  isobars,  the  ice  pressed 
against  Bolshevik  Island.  From  14  through  21  July,  the  isobars  in  Vilkitski  Strait  stretched  from 
northeast  to  southwest,  the  high  pressure  center  was  situated  in  the  southwest  part  of  the  Kara  Sea 
and  the  ice  correspondingly  pressed  against  the  continental  coastline. 
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Tlu>  aerial  reconnaissance  of  8 July  coincided  with  the  end  of  the  synoptic  period  and  there- 
fore the  lee  situation  was  quite  clear:  an  accumulation  of  lee  off  the  const  of  the  mainland  and  open 
water  off  the  southern  coast  of  Bolshevik  Island.  The  aerial  reconnaissance  of  24  July  fell  to  the 
middle  of  the  synoptic  period,  therefore  the  preceding  period  was  completely  opposite  with  respect 
to  the  position  of  the  Isobars  and  the  resultant  ice  drift.  This  made  the  disposition  of  the  ice 
relatively  Indistinct.  Just  the  same,  we  can  see  that  on  24  July  of*'  the  continental  coast  there  were 
either  open  leads  on  polynyns  or  very  scattered  ice,  i.e.  , a situation  diametrically  opposed  to  the 
one  observed  on  8 July.  Undoubtedly  such  phenomena  have  a very  substantial  influence  on  the 
possibilities  of  navigation  of  Vilkitski  Strait.  Ship  captains  do  not  always  hnve  aerial  reconnais- 
sance data  by  any  means  nor  do  they  nlways  have  good  synoptic  maps.  Therefore,  on  passing 
through  such  straits  as  Vilkitski,  Snnnikov  and  Laptev  one  must  alwnys  keep  a close  watch  on  the 
wind  nnd  to  emerge  windward  as  much  ns  possible. 


As  already  pointed  out.  prevailing  winds  create  more  or  less  permanent  leads  or  polynyns. 
These  are  especially  conspicious  on  the  leeward  shore  of  capes  which  stretch  out  Into  the  sea  and 
on  the  leeward  side  of  individual  Islands. 

Southwesterly  winds  prevail  In  the  neck  of  the  White  Sen  (Gorlo  Relogo  Morin)  during  winter, 
creating  at  least  scattered  Ice  here  If  not  polynyns  or  leads.  This  is  also  why  such  openings  form 
off  the  Summer  Const  (Letnl  llereg)  of  the  White  Sea,  as  has  been  noted  by  Timonov. 


:)»4 


Figure  146b.  State  of  ice  In  Vilkilski  Strait  on  24  July  1943. 

However,  prevailing  winds  create  a steady  drift  of  Ice  in  approximately  the  same  direction. 
For  example,  the  large  polynyns  created  by  the  combined  influence  of  the  prevailing  winds  and  the 
steady  drift  of  Ice  were  often  observed  by  the  Ushakov  Expedition  of  1930  to  1932  off  the  northwest 
coast  of  Severnaya  Zemlya,  permanent  polynyns  and  leads  are  also  a common  phenomenon  north- 
west of  Franz  Joseph  Iaind,  as  noted  as  far  back  as  the  Weyprecht  - Payer  Expedition. 

One  of  the  main  reasons  for  the  formation  of  this  so-called  groat  Siberian  load  is  the  prev- 
alence of  easterly  leads  which  create  a steady  northwest  drift  of  pack  Ice.  i e. . from  the  shore 
toward  the  shore  ice.  This  has  been  traced  northwest,  north  and  northenst  of  the  New  Siberian 
Islands,  and  Is  called  the  New  Siberian  Lead,  and  in  the  region  to  the  north  of  the  Kolyma  region, 
this  is  called  the  Kolyma  Lead. 

In  winter,  both  these  stretch  dlscontinuously  along  the  northern  edge  of  the  developed  shore 
ice  and  sometimes  are  situated  farther  north  or  south  depending  on  the  conditions  of  the  shore  ice. 
Under  the  Influence  of  northerly  winds  these  leads  sometimes  become  covered  with  Ice  arriving 
from  the  north  and  then  intense  hummoeklng  occurs  along  the  line  of  contact.  However,  in  general, 
both  are  constant  phenomena. 

The  New  Siberian  Lend  was  first  described  by  Hedenstrom,  who  traveled  along  the  ice  in 
March  and  April  1810  from  Cape  Knmennyl  on  New  Siberian  Island  40  miles  to  the  northeast  and  was 
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T ‘Ce"fr°e  eXpan“e  °f  otxn  wa‘*!«-  Later,  this  was  noted  by  Sannlkov  in  1811  and  wan 

rry,r  eruior  °\Anj°u  *n  im  u>  a3,  Mauh|esen-  *«■•*■•»»  ^ 0^™ ...  i902  03 

In  Wtutigel  b opinion,  the  Kolyma  Lead  discovered  by  the  W range  I Expedition  in  1820  , , 

directly  connected  with  the  New  Siberian  Lead . ^ " in  1 820  to  23  is 

flvine  !!  8h0“W  **  “?*?,  the  "pHn*  °f  19:)8'  the  “‘rpUnes  of  the  Alekseev  Expedition  in 

(the^hln.  TO?  s,  P*  WWCh  W“‘  drlfUng  ln  the  re«lon  ‘o  ‘he  north  of  the  New  Siberian  Islands 
Til  is  , °,1iVyir’  “d  Sed0V>  dld  {lad  ‘race  of  the  New  Siberian  Lead  However 
his  is  not  surprising.  Decause  the  westerly  winds  which  had  prevailed  before  the  nights  continued' 

::rio5  nzt.  ** leada  and  oauaed  u pro,onKt’d  dr,rt  - 

Th<‘*[eat  Slb‘?r,an  Lead-  as  already  pointed  out,  is  caused  chiefly  by  prevailing  winter 
winds,  which  are  dispersive  with  respect  to  the  edge  of  the  pack.  However,  the  offshore  wind 
phenomena  are  always  accompanied  by  the  lilting  of  deep  water  layers  toward  the  surface  of  the  sea 
o even  by  their  emergence  onto  the  surface.  |n  the  Arctic  Basin,  the  warm  deep  Atlantic  waters  ‘ 
ate  found  a a depth  of  75  to  250  m from  the  surface,  depending  on  the  region  and  the  general 
t mal  state  of  the  arctic.  The  heat  of  these  deep  waters,  which  rise  as  a result  of  the  offshore 

fhus0Tae^taorf  tTI  h"  COT'“°n  °r  b>'  th“  W‘nd>  'Ud  retard  Ice  formation, 

thus,  the  effect  ot  the  offshore  phenomena  is  intensified  and  the  leads  become  more  stable. 

very  ^ °n  UM>  ^ OPt‘"  k'i,<,S  ln  tce  at  ht«"  '“‘“^s  in  the  arctic  are 

t Z 15  M3.9,  dUHnK  hi8  n‘Kht  to  th‘‘  a H'/l"  ice  concentration  prevailed 

U ° 1 rt  Farthr, ,t0  ^ to  ««h.  «•*  Ur  concern, ration  did 

no,  exceed  2/ 10.  tin  the  traverse  of  Pronchlshcheva  Bay  (Bukhta  Pronchlshcheva).  open  water 

appeared.  An  ice  edge  of  2/10  concentration  of  small  to  large  blocks  of  ice  was  moving  eastward 
Iht  open  water  which  stretched  to  the  meridian  of  the  western  Island  of  Komsomolskava  Pravda  ' 
had  extended  north  and  northeast  toward  the  horizon  beyond  the  range  of  visibility. 

In  Shokalsky  Strait  the  ice  concentration  was  10/10,  while  at  70°  30'  north  and  103°  east 
open  water  appeared  with  individual  accumulations  of  ice  l/lo  to  3/10.  The  lead  ran  northeast 
beyond  the  horizon.  Along  this  parallel  1,  extended  from  the  104th  to  116,h  meridian.  From  there 
the  lead  ran  southward  to  Pronchlshcheva  Bay. 

, °"  27  to  28  July  of  that  8ame  yor,  open  water  was  discovered  at  78°  53'  north  121°  east 
I he  ice  edge  stretched  southeast  to  northwest.  Open  water  extended  farther  to  the  coast  of 
Severnaya  Zemlya,  passing  north  and  south  In  a broad  band. 

in  Akkuratov's  words,  on  3 August  1939,  ships  could  have  passed  through  open  water  from 
Semenov  sky  Island  (Ostrov  Semenov  sky)  around  the  New  Siberian  Island  to  Ambarchik  Bay  (Bakhta 
Ambarchlk).  while  ships  plying  the  Laptev  Strait  (Proliv  Lapteva)  experienced  difficulties 

On  9 July  1940,  Akkuratov  saw  much  open  water  in  the  Laptev  Sen  a,  78°  north  ami  125°  east 
The  lead  extended  beyond  the  130, h meridian  (13,.°  east).  Thus,  the  same  open  water  phenomenon ' 
was  observed  in  this  region,  as  was  observed  on  the  other  in  1939. 

Further,  during  a High,  over  the  East  Siberian  Sen  on  12  to  13  July  1940.  north  of  the  Ostrov 

Novnya  S.blr  up  to  76  north,  open  water  stretched  northwest  and  northeast  beyond  the  limits  of 
visibility. 
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During  a further  flight  northward,  the  9/10  Ice  became  less  concentrated  as  82°  north  was 
approached,  within  the  limits  of  visibility  of  the  aircraft,  becoming  7/10,  and  the  edges  of  the  floes 
became  rounded.  Small  fields,  small  floes  and  broad  leads  with  ice  of  small  size  prevailed. 

The  reasons  behind  the  ice  conditions  observed  by  Akkuratov  in  1939  and  1940  have  not  yet 
been  analyzed. 

LITERATURE:  37,  62,  77,  88. 
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CHAPTER  XII 

CIRCULATION  OF  WATER  AND  ICE 
OF  THE  ARCTIC  BASIN 


Section  144.  Certain  Information  Concerning 
the  Balance  of  Water  and  Ice 

As  we  have  see".  the  Arctic  Basin  consists  of  a central,  deep  water  part  which  is  bordered 

he  bLI*  Slberir  ^ ChUkChl  SCaS  n°rth  °f  ‘he  Asiatic  continentld  by 

-he  Beaufort.  North  American  and  Lincoln  Seas  north  of  the  North  American  continent. 

of  fh  ^ WieSt?rn  hemi8Phere-  of  these  seas,  only  the  North  American  is  a sea  in  the  full  sense 

gardedWOAli  *e  oth  hemlSphere’  °"ly  the  southwestern  part  of  the  Kara  Sea  may  be  so  re- 

\ , SeaS  are’  in  relation  to  the  central  Arctic  Basin,  only  gulfs  with  extremely 

m0“  S’  theSe  Sea'gulfs  ‘here  are  hardly  any  obstacles  which  would  limit  the  exchange  of 
water  and  ice  between  them  and  the  Arctic  Basin  proper.  Only  the  Kara  Sea  presents  iTiSex 
ception,  since  the  S'idkol  shoals  which  extend  in  a meridional  direction,  and  Ushakov  Island  sit- 

pans  °nntur‘renrVlde  ‘b6,™1?6;"  ***  °f  thlS  863  int°  tW0  parts'  ^tern  and  western.  These 
P a in  turn  represent  sharply  defined  gulfs.  On  account  of  this  the  circulation  of  water  and  ice  in 

eas  STs  ? 8h  r renCe  °"  ^ Corre8Pondi“g  circulation  in  the  adjacent 

seas  and  is  in  its  turn  determined  by  the  circulation  in  the  latter. 

But  while  the  Arctic  Basin  is  closely  connected  with  the  seas  and  gulfs  directly  adlacent  to  it 

rr*  b“in*  °’ ,he  wor'd  oce“  '■  ^ • 

w“  Srffta  of  th?AH  H nnrrOW  T ShallOW  Bering  Straits-  The  Arctic  Basin  is  connected 

f fay  °f  tbe  Atlantic  Ocean  through  numerous,  but  very  narrow  and  shallow  straits  of  the 

Basin  ^i^soT  ““  Wat6r  6XChange  iCe  exchan6e  between  the  Arctic 

Basin  and  Baffin  Bay  is  so  insignificant  that  it  may  be  ignored  for  all  considerations. 

more  sT^ic^t ***“*  betWeen  ^ ArCtl°  Basin  and  Barents  “d  Greenland  Seas  is 


local  evaporation  and  subsequent  condensation  must  clearly  be  excluded  from  the  bllance. 

The  oo?!Ti  n7  °r  dr,alnage  18  the  flrst  factor  which  determines  the  balance  of  the  Arctic  Basin 
f?  1'  nag6'  PlUS  the  8,lght  bU*  lrldubitable  excess  of  precipitation  over  evaporation  de 
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low  temperature.  Thus,  in  the  areas  of  contact  of  these  waters  with  the  denser  ocean  water,  con- 
vection currents  are  set  up.  Due  to  local  conditions  (i.e.  , shallow  depths),  such  currents  are 
absent  in  the  Bering  Straits  and  in  the  straits  of  the  American  archipelago,  nor  in  the  straits  which 
connect  the  Arctic  Basin  with  the  Barents  Sea  are  they  considerable.  They  are  sharply  expressed 
(again  due  to  local  conditions)  only  between  Greenland  and  Spitzbergen  (due  to  presence  of  great 
depths  and  saline  Atlantic  water).  Unfortunately  it  is  not  yet  possible  to  show  the  significance  of 
convection  currents  in  the  Arctic  Basin. 

A third  factor  which  determines  the  general  circulation  in  the  Arctic  Basin  is  wind  conditions 
* ind  behavior  is  connected  with  the  distribution  of  pressure  and  experience  seasonal  and  long 
term  variations.  It  is  clear  that  the  general  circulation  is  determined  not  by  local  or  short-lived 

winds,  but  by  the  distribution  of  winds  over  the  whole  Arctic  Basin  and  over  the  ocean  basins  com- 
municating with  it. 

So,  the  general  circulation  of  water  and  ice  in  the  Arctic  Basin  is  extremely  complex.  In  it 
thl  other^  CirCUlatl0n’  convective  circulation  and  wind-drift  circulation  are  superimposed  one  on 

It  is  characteristic  of  the  Arctic  Basin  that  the  drainage  and  convective  circulations  are  set 
up  in  he  water  masses  and  are  transmitted  to  the  ice.  The  wind-drift  circulations  are  transmitted 
from  the  ice  to  the  water  masses.  But  in  every  circulation  of  water  masses,  in  addition  to  the 
or  zontal  there  are  also  vertical  components  which  are  particularly  pronounced  in  areas  of  sink- 

r . 1 J,?*'  CC  thC  verticaI  components  are  absent  in  the  movement  of  ice,  the  circulation 

of  ice  is  different  in  this  respect  from  the  normal  circulation  of  water  masses. 

a?  We.haVC  8eCn’  tHe  COaStal  draina«e  of  rivers  which  drain  into  the  Arctic  Basin  diminishes 

•t  In  I!  b°n  W6St  ^ eaSt'  ThC  ,0‘al  C°aStal  drainaRe  of  ‘he  Asiatic  coast  is  equal  to  2,500  to 
,l  0 cubic  km  per  year.  A second  peculiarity  of  the  coastal  drainage  is  the  variability  of  its 
quantity  from  year  to  year.  The  third  and  most  important  peculiarity  of  the  coastal  drainage  of 
siatic  rivers  is  its  sharply  defined  seasonable  quality. 

The  intensity  of  the  coastal  drainage  in  the  summer  season  is  of  great  importance  for  navi- 
gation along  the  arctic  coast.  Due  to  the  drainage,  the  arctic  ice  not  only  melts  intensely  in  the 
summer  season  but  also  moves  away  from  the  coast.  The  greater  the  drainage,  i.e.  , the  more 
westerly,  the  more  distinct  this  phenomenon.  The  drainage  also  moderates  the  unfavorable  effect 
of  monsoon  winds  which  flow  from  land  to  sea  in  the  winter  and  from  sea  to  land  in  the  summer. 

It  has  already  been  pointed  out  that  with  our  level  of  knowledge  it  is  impossible  to  determine 
the  role  of  purely  convective  currents  in  the  general  circulation  of  water  and  ice  in  the  Arctic 

ex^han  p rtiT,'rl  Vaiti0nS  make  “ POSSlble>  bUt  °nly  extremel-v  roughly,  to  calculate  the  water 
exchange  through  the  main  straits  which  connect  the  Arctic  Basin  with  adjacent  basins. 

Thus,  in  June,  July  and  August  the  flow  into  the  Chuckchee  Sea  through  Bering  Straits  com- 
pnses,  according  to  Ratmanov,  approximately  95  per  cent  of  the  whole  water  exchange  between  the 
Arctic  Basin  and  the  Bering  Sea.  The  speed  of  the  surface  current  reaches  3 to  ;l.  5 knots  The 

nfTT^r083  8eCUOn  3rea  °f  ,he  StraUS  iS  ab°Ut  2‘5  Square  km-  Assuming  the  average  speed 
of  the  Pacific  current  (increasing  in  summer  and  decreasing  in  winter  due  to  the  development  of  the 

eutian  low  pressure  cell)  at  about  one  km  per  hour,  we  find  that  the  influx  of  Pacific  water  through 
Bering  Stiaits  can  not  exceed  20,000  cubic  km  per  year.  The  Pacific  current  in  Bering  Straits  is 

..  aco"ve«ion  °r  drift  current.  It  is  a compensation  current  caused  by  the  flow  of  water  from 
th©  Arctic  Rasin  into  the  Greenland  Sea. 
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Data  on  the  water  balance  of  the  straits  which  connect  the  Arctic  Basin  with  the  Barents  Sea 
is  also  extremely  limited.  Using  an  indirect  method,  Sokolov  calculated  that  in  the  autumn  of 
1931,  through  the  straits  between  Spitzbergen  and  Franz  Joseph  Land,  the  water  balance,  positive 
for  the  Arctic  Basin,  was  about  30  cubic  km  per  day,  while  between  Franz  Joseph  Land  and  Novaya 
Zemlya  the  negative  balance  was  about  6 cubic  km  per  day.  In  the  Novaya  Zemlya  straits,  the  in- 
flux of  water  from  the  Barents  Sea  exceeds  the  outflux  of  water  into  this  sea  from  the  Kara  Sea. 
Thus  we  may  calculate  approximately  that  the  Influx  of  water  into  the  Arctic  Basin  from  the  Barents 
Sea  comprises  about  11,000  cubic  km  per  year. 

There  is  not  as  yet  one  complete  transverse  section  across  the  straits  between  Greenland  and 
Spitzbergen.  This  fact  makes  it  impossible  to  compute  even  roughly  the  water  balance  in  these 
straits.  It  is  only  known  that  almost  the  entire  water  mass  on  the  continental  shelf  along  the  east 
coast  of  Greenland  is  made  up  of  surface  arctic  water  flowing  from  the  Arctic  Basin  into  the  Green- 
land Sea,  while  the  part  of  the  Greenland-Spitzbergen  straits  which  is  adjacent  to  Spitzbergen  be- 
tween Greenwich  meridian  and  the  shore  is  filled  with  Atlantic  water  which  is  entering  the  Arctic 
Basin. 

Mosby  states  that  the  quantity  of  Atlantic  water  with  temperature  above  1. 5°  entering  the 
Arctic  Basin  is  equal  to  1,200,000  cubic  m per  second  which  amounts  to  about  38,000  cubic  km  per 
year . Berezkin  has  estimated  the  quantity  of  this  water,  with  temperature  above  4°  at  about 
130,000  m per  second  which  amounts  to  about  4,000  cubic  km  per  year. 

Taking  into  account  the  influx  of  water  from  the  Bering  and  Barents  Seas,  we  may  conclude 
that  the  flow  of  water  from  the  Arctic  Basin  into  the  Greenland  Sea,  for  the  maintenance  of  the 
balance,  must  exceed  the  influx  of  Atlantic  water  into  the  Arctic  Basin  by  30,000  cubic  km  per  year 
at  the  very  least. 


In  figure  147  there  is  represented  a comparative  chart  of  drifts  of  the  station  "North 
Pole"  and  Icebreaker  Sadov  before  their  entry  into  the  Greenland  Sea.  In  this  figure  the  ex- 
traordinary parellellsm  of  both  drifts  is  worthy  of  attention.  This  gives  a slight  basis  for  con- 
sidering that  the  speed  of  the  East  Greenland  current  is  more  or  less  constant  across  the  width  of 
the  straits. 


According  to  determinations  of  Shirshov  and  Pedorov,  the  speed  of  the  permanent  cur- 
rent at  81°  north  lat.  was  about  3.4  miles  per  day  or  about  2,300  km  pe.  year.  Let  us  assume 
that  the  depth  of  this  current  is  0.2  km.  The  ultimate  overflow  will  then  be  equal  to  about  230 
square  km  per  year.  Assuming  that  at  81°  north  lat.  this  current  is  confined  within  the  limits 
from  8°  east  long,  to  12°  west  long.,  or  within  20°  of  parallel  (which  comprises  about  350  km), 
we  find  that  the  arctic  current  carries  into  Greenland  Sea  at  least  80,  000  cubic  km  of  water  per 
year,  of  which  (with  average  ice  thickness  about  2 m)  about  2,500  cubic  km  is  represented  by 
arctic  ice. 

The  latter  figure  is  obtained  in  the  following  manner:  the  ice,  as  well  as  the  extreme  surface 
of  the  arctic  current,  move  considerably  faster  than  the  basic  mass  of  the  current.  E.g.,  the  sta- 
tion "North  Pole"  during  December,  1937  moved  to  the  south  with  an  average  speed  of  about  10.4 
km  per  day,  while  the  Sedov  in  December,  1939  moved  south  in  the  same  region  with  an  average 
speed  of  9.3  km  per  day.  Taking  10  km  per  day  as  the  average  speed  of  ice  drift  in  December, 
the  width  of  the  ice  current  as  550  km,  and  the  average  ice  thickness  as  2 m (taking  polynyas  into 
consideration),  we  find  that  in  December  about  220  cubic  km  of  Ice  was  carried  out  of  the  Arctic 
Basin.  The  ice  is  probably  not  carried  out  of  the  Arctic  Basin  with  the  same  speed  in  all  months  of 


Figure  147.  Diagram  of  the  drift  of  station  "North  Pole"  and  the  Sedov 
before  entering  the  Greenland  Sea. 
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the  year,  since  December  Is  precisely  the  time  when  the  north  winds  along  the  east  coast  of  Green- 
land are  noted  for  their  special  force  and  constancy.  Thus,  the  annual  outflow  of  ice  from  the 
Arctic  Basin  Into  Greenland  Sea  can  hardly  exceed  2,500  cubic  km  per  year. 

LITERATURE:  16,  62,  71,  77,  112,  118. 

Section  145.  Coastal  Siberian  Waters 

Coastal  Siberian  waters  Is  the  term  conventionally  employed  for  the  waters  of  low  salinity 
formed  mainly  by  the  mixing  of  the  coastal  drainage  water  of  Siberia  with  the  water  of  oceanic  ori- 
gin which  enters  the  Siberian  coastal  seas  from  the  adjacent  parts  of  the  World  Ocean. 

In  order  to  define  the  limits  of  this  water  we  must  first  of  all  establish  the  upper  limit  of  its 
salinity.  Obviously,  any  limitation  will  be  more  or  less  arbitrary.  I am  personally  inclined  to 
accept  a salinity  of  25  o/oo  for  this  limit.  There  is  some  basis  for  such  a choice  in  the  fact  that, 
as  we  have  seen,  the  freezing  point  of  water  of  salinity  less  than  24.7  o/oo  (as  with  fresh  water) 
is  lower  than  the  temperature  of  greatest  density. 

The  distribution  of  the  coastal  Siberian  waters  is  extremely  typical.  If  we  exclude  the  lower 
end  of  Baldaratskaya  Bay  and  the  delta  areas  of  the  small  rivers  which  empty  into  the  Kara  Sea, 
where  extremely  low  salinities  may  be  found,  then  the  main  region  of  the  coastal  Siberial  waters  in 
the  Kara  Sea  is  the  region  bordered  (in  the  summer)  by  approximately  the  76th  parallel  on  the  north 
and  the  73rd  on  the  south.  Its  western  boundary  is  the  east  coast  of  the  northern  island  of  Novaya 
Zemlya,  the  eastern  boundary  is  the  mainland  coast  from  Yamal  to  the  95th  meridian.  The  total 
area  of  this  water  is  about  250,000  square  km  and  the  thickness  of  the  layer,  as  a rule,  is  not  over 
15  m.  The  annual  river  drainage  Into  this  area  covers  it  with  a layer  about  6.  3 m deep. 

In  the  Laptev  and  East  Siberian  Seas  the  25  o/oo  isohaline  stretches  from  the  east  coast  of 
the  Tamiyr  Peninsula  to  the  east  approximately  along  the  76th  parallel,  goes  around  the  New 
Siberian  Islands  on  the  north  and  then  descends  towards  Chaunskaya  Bay,  thus  embracing  an  area 
of  approximately  650,000  square  km.  Here  also,  as  a rule,  a salinity  of  25  o/oo  is  not  found 
deeper  than  15  m.  The  annual  river  drainage  onto  this  area  covers  it  with  a layer  about  1.5  m 
deep. 


In  the  Chuckchee  Sea  a salinity  of  less  than  25  o/oo  may  be  found  only  near  the  shore  and, 
therefore,  the  coastal  Siberian  waters  do  not  play  a large  role. 

Thus,  the  coastal  Siberian  waters  are  mainly  concentrated  in  two  regions — the  Kara  Sea  and 
New  Siberian  Islands  regions,  although  they  move  to  a considerable  distance  (200  to  300  km)  from 
the  main  areas  of  their  creation  (mouths  of  the  Ob,  Yenisei  and  Lena  Rivers).  They  flow  out  in  a 
sort  of  thin  layer  along  the  sea's  surface.  In  shallow  depths  they  extend  down  to  the  sea  bottom. 
Over  great  depths,  at  their  lower  surface  there  is  created  a sharply  defined  layer  of  change  of 
salinity,  which  in  the  summer  season  delimits  the  depth  of  dispersion  of  wind-caused  mixing  and  in 
winter  the  depth  of  dispersion  of  vertical  winter  circulation.  In  connection  with  all  the  above-noted 
facts,  the  coastal  Siberian  waters  display  curious  peculiarities  in  their  thermal  and  saline 
conditions. 

We  have  seen  that  the  main  heat-containing  water  masses  of  coastal  drainage  of  the  Siberian 
rivers  empty  into  the  sea  during  the  shore  polar  summer.  This  facilitates  the  break-up  and  de- 
struction of  the  ice  cover  in  the  delta  regions  and  the  formation  of  the  delta  polynyas.  The  con- 
stantly observed  Ob- Yenisei  polynya,  for  example,  is  of  such  origin.  The  water  of  these  polynyas 
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absorb  solar  radiation,  which  is  intense  in  this  season  of  the  year  (on  account  of  the  polar  day)  and 
in  turn  become  centers  of  melting  of  the  surrounding  ice  and  corners  of  accumulation  of  heat.  As  a 
iesult.  the  surface  temperature  of  coastal  Siberian  waters  in  certain  regions  where  the  ice  disap- 
peals  early  often  rises  to  1 0 C and  higher.  Since  the  temperature  of  these  waters  drops  in  the 
winter  to  the  freezing  point,  it  follows  that  an  annual  temperature  range  of  10"  to  12"  for  these 
waters  is  not  at  all  surprising. 

We  have  already  seen  thut  in  the  ice  formation  process,  sulinification  is  directly  proportional 
to  the  salinity  ol  the  water  from  which  the  ice  is  formed,  directly  proportional  to  the  thickness  of 
the  ice.  and  inversely  proportional  to  the  thickness  of  the  surface  layer  which  is  involved  in  verti- 
cal circulation  In  the  Ico  formation  process.  From  this  it  is  clear  that  in  connection  with  the 
slight  thickness  of  the  layer  of  coastal  Siberian  waters,  the  annual  range  of  salinity  of  coastal 
Siberian  waters  reaches  10  o/oo  and  In  shallow  regions  the  value  is  even  larger.  Thus  in  the 
Laptev  Straits  at  the  end  of  August  1932,  the  6'  it  ir;  : kov  observed  surface  salinities  from  12.40 
to  14.28  o oo,  At  the  end  of  March  1928,  in  the  same  straits  with  ice  thickness  up  to  189  cm, 
Khmyznlkov  observed  salinities  from  19.43  to  2.63  o/oo. 

Such  a combination  of  considerable  annual  ranges  of  temperature  and  salinity  of  the  coastal 
Siberian  waters  is  one  of  their  remarkable  peculiarities. 

I he  next  peculiarity  of  the  coastal  Siberian  water,  which  has  already  been  mentioned,  is  the 
sharply  defined  layer  of  change  of  salinity  at  their  lower  surface.  Thus,  for  example,  on  9 August 
19.12  at  73  5;>'  north,  and  81°06'  east,  the  Si  Mrijakov  observed  the  following: 

at  0 m,  T = 8.  12°  and  S = 13.  20  0/00, 

at  5 m,  ■ 7.70"  and  = 13.83  0/00  and 

at  10  m,  T 0.41"  and  S = 28. 86  0/00. 

lhis  means  that  between  the  levels  of  5 m and  10  m the  1 m gradients  are:  temperature  about  1.5°, 

salinity  3.00  0/00,  and  density  about  2.4. 

If  wo  assume  that  temperature,  salinity  and  density  between  5 m and  10  m vary  in  a linear 
fashion,  it  is  then  evident  that  the  critical  depth  of  vertical  winter  circulation  at  this  station  is 
equal  to  about  6 m,  while  the  freezing  Index  is  4.8  kg-cal  per  square  cm.  Further,  a simple  cal- 
culation shows  that  in  order  for  the  vertical  winter  circulation  to  descend  to  a depth  greater  than 
6 m,  formation  of  ice  146  cm  thick  is  necessary.  Thus,  despite  the  comparatively  high  surface 
temperatures  which  are  evident  towards  the  end  of  the  polar  summer,  the  coastal  Siberian  waters 
are  very  quickly  covered  over  with  ice. 

As  has  already  been  noted,  ice  which  grows  uninterruptedly  (with  respect  to  meteorological 
conditions)  in  the  Kara  Sea  region  of  the  coastal  Siberian  waters,  reaches  a thickness  considerably 
greater  than  150  cm  only  in  occasional  years.  In  case  of  hummocklng,  the  average  ice  thickness 
rarely  exceeds  300  cm.  But  at  the  station  under  consideration,  the  vertical  circulation  extending 
down  to  6 m requires  formation  of  ice  146  cm  thick,  i.e.  , approximately  the  limiting  thickness. 
Simple  calculations  show  that  with  ice  formation  of  thickness  300  cm,  the  vertical  winter  circula- 
tion descends  only  to  7 m,  causing  the  surface  layers  to  be  salinified  to  19.60  0/00.  At  the 
: ‘ : r ■ * ' v station  at  a depth  of  7 m,  the  interpolated  values  are:  T ■■  4. 78"  and  5 19. 84 0/00. 


Thus  we  see  that  the  vertical  distribution  of  temperature  and  salinity  in  the  coastal  Siberian 
waters  is  of  such  a nature  that  the  formation  of  a warm  intermediate  layer  is  almost  Inevitable 
under  conditions  of  uninterrupted  ice  formation.  A slight  and  insignificant  temperature  inversion 
with  simultaneous  normal  vertical  distribution  of  salinity  was  observed  by  Khmyznikov  in  the  early 
spring  in  the  New  Siberian  Straits  and  in  the  l^inski  Gulf.  There  is  no  doubt  that  in  addition  to  the 
convective  mixing,  frictional  mixing  is  also  a large  factor  in  fixing  the  vertical  distribution  of  tem- 
perature and  salinity.  While  the  direct  effect  of  wind  and  waves  ceases  in  the  winter,  the  action  of 
the  tides  and  the  wind-driving  phenomena,  as  well  as  the  effect  of  sea  currents,  remains,  although 
In  altered  form.  In  addition  there  is  the  strong  frictional  mixing  caused  by  the  wind  movement  of 
the  ice.  Very  little  has  as  yet  been  done,  however,  in  the  study  of  all  these  questions. 

Figure  148  shows  the  annual  variation  of  temperature  and  salinity  of  the  coastal  Siberian 
waters. 


Figure  148.  Diagram  of  the  annual  variation  of  temperature  and  salinity  of  the 
Siberian  coastal  waters. 

In  the  beginning  of  October,  on  the  average,  the  temperature  falls  to  the  freezing  point  and 
then  continues  to  descend  slightly  (in  connection  with  the  lowering  of  the  freezing  point  upon  sa- 
Unification  due  to  ice  formation)  right  to  the  end  of  June  or  beginning  of  July.  The  rise  in  tempera- 
ture starts  in  July,  at  first  slowly,  and  then  proceeds  faster  and  faster  as  the  ice  disappears.  By 
the  end  of  August  the  temperature  reaches  its  maximum  and  in  the  middle  of  September  begins  to 
fall,  at  first  slowly,  and  then  faster  and  faster  to  the  freezing  point. 

Due  to  the  outflux  of  the  coastal  drainage  and  the  melting  of  ice,  the  salinity  naturally  attains 
its  minimum  at  the  moment  when  the  sea  is  cooled  to  the  freezing  point,  and  then,  with  the  start  of 
ice  formation  it  begins  to  rise,  at  first  rapidly,  and  then  slower  and  slower  right  to  the  start  of 
melting  and  the  appearance  of  the  flood  waters.  After  this  the  salinity  commences  to  decrease,  at 
first  slowly  due  to  the  thawing,  then  faster  in  connection  with  flooding  and  melting,  and  then  slowly 
again  in  connection  with  melting  of  the  remains  of  the  ice  cover. 
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Such  a pattern  of  the  seasonal  variation  curves  of  temperature  and  salinity  of  the  coastal 
Siberian  waters,  caused  by  the  high  latitudes  and  by  the  hydrometeorological  conditions,  is  also  one 
of  their  remarkable  peculiarities. 

It  must  be  noted  that  surface  salinity  of  less  than  25  o/oo  may  be  found  not  only  in  the  re- 
gions described,  i.e.  , the  delta  areas  of  the  Siberian  rivers.  For  example,  the  Si  t i ryakov, 
following  along  the  east  coast  of  Severnaya  Zemlya  and  the  Taimyr  Peninsula  in  1932,  observed 
surface  salinities  which  in  one  case  fell  to  2.20  o/oo.  But  these  were  salinities  which  occurred  in 
polynyas  due  to  melting  of  comparatively  close  ice  (6/1  coverage  or  more),  with  no  wind  and  in 
comparatively  warm  weather.  Such  "drops”  of  water  of  low  salinity,  appearing  in  summer  in  a 
certain  few  regions  of  the  Arctic  Basin  in  connection  with  melting  of  ice,  are  usually  eliminated 
with  the  first  fresh  wind  which  sets  the  ice  in  motion  and  thus  effects  a mixing. 

It  has  already  been  noted  that  since  the  indices  of  freezing  of  the  coastal  Siberian  waters  are 
not  large,  directly  after  the  commencement  of  cold  weather  the  ice  formation  begins  very  quickly. 
Obviously,  the  first  ice  to  be  formed  will  be  from  the  "drops  of  melt  water,”  especially  if  even 
small  vestiges  of  ice  have  been  preserved  in  them. 

But  the  general  circulation  of  such  seas  as  the  Kara  and  Laptov  includes  a ceaseless  transfer 
of  ice  and  surface  water  out  into  the  Arctic  Basin.  New  ice  formation  is  continually  occurring  on 
the  water  areas  which  have  been  opened  up  by  this  transfer.  It  is  therefore  natural  that  many  con- 
sider that  the  main  mass  of  Arctic  ice  is  formed  on  the  broad  shallows  of  the  Asiatic  coast  from 
the  coastal  Siberian  waters. 

Compensating  for  the  decrease  of  the  coastal  Siberian  waters,  water  of  Atlantic  origin  enters 
these  seas  in  deep  currents  from  the  Barents  Sea  and  from  the  central  Arctic  Basin.  Approach ing 
the  shallows,  it  flows  up  onto  them  and  as  a result  of  mixing  with  a small  amount  of  coastal  flow  the 
waters  form  new  masses  of  coastal  Siberian  water. 

LITERATURE:  77. 


Section  146.  Arctic  Surface  Water 

Figure  149  shows,  according  to  Shirshov,  the  vertical  distribution  of  temperature,  salinity 
and  specific  volume,  observed  at  S6°09'  north  lat.  and  0°58'  east  long.  The  vertical  distribution  of 
oceanographical  characteristics  has  approximately  the  same  character  in  other  regions  of  the  deep 
water  part  of  the  Arctic  Basin. 

Depending  on  the  observation  region,  approximately  down  to  a depth  of  50  to  150  m the  tem- 
perature is  almost  the  same  at  all  levels  around  the  freezing  point.  Below  these  levels  the  temper- 
ature increases  sharply,  at  depths  from  100  to  300  m passes  through  zero  and  at  depths  from  300  to 
500  m it  reaches  its  maximum.  Below  300  to  500  m there  begins  a decrease  in  temperature,  at 
first  rapid,  and  then  slower  and  slower.  At  a depth  of  about  900  m the  temperature  again  passes 
through  zero.  At  the  lower  depths  of  the  deepest  observation  areas,  the  temperature  increases 
slightly  at  the  bottom. 

The  salinity  increases  sharply  but  more  or  less  regularly  from  the  surface  down  to  a depth  of 
50  to  150  m within  the  limits  from  30  to  34.5  o/oo.  Below  these  levels  there  begins  a verv  slow  in- 
crease of  salinity  descending  towards  the  bottom. 
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Figure  149.  Vertical  distribution  of  temperature,  salinity 

and  specific  volume  at  86°  09'  north  latitude  and 
00°58'  east  longitude. 

In  accordance  with  such  a distribution  of  temperature  and  salinity  we  will  conditionally  accept 
as  the  basic  characteristics  of  arctic  surface  water:  low  temperature  (below  -1°)  and  salinity  from 
30  to  34.5  o/oo.  These  characteristics  remain  almost  unchanged  throughout  the  whole  year  (with 
the  exception  of  the  southern  limits  of  arctic  surface  water  which  will  be  discussed  below) . 

As  has  already  been  shown,  the  lower  level  of  extent  of  surface  arctic  water  is  at  different 
depths  in  different  regions  of  the  Arctic  Basin.  According  to  our  observations  on  the  Sadko  in 
1935  at  82°41.  6'  north,  87°03'  east,  it  occurred  at  a depth  of  about  75  m.  According  to  observa- 
tions of  the  Libin-Cherevichny  expedition  in  April  1941  in  the  region  about  81°  north  along  the 
meridian  of  Wrangel  Island  it  descended  to  a depth  of  about  175  m.  Observations  of  the  station 
"North  Pole”  in  1937  in  the  Arctic  Basin  showed  that  it  lay  at  a depth  of  about  150  m.  In  the  Green- 
land current,  which  consists  mainly  of  this  surface  arctic  water,  it  was  found  at  a depth  of  about 
120  m. 
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On  the  periphery  of  the  Arctic  Basin,  in  regions  where  the  warm  Atlantic  water  hardly  pene- 
trates, the  lower  boundary  of  arctic  surface  water  descends  even  deeper,  sometimes  to  the  very 
bottom.  For  example,  at  the  northernmost  observation  point  of  the  Si  biryakov  in  1932,  at81°28' 
north,  96*54'  east,  at  a depth  of  200  m there  was  observed  T = 1. 38°  and1  S-  34.  67  o/oo.  Accord- 
in).' to  our  observations  on  the  Knlpovleh  in  1932,  in  the  region  of  Franz  Joseph  Land  at  81*34' 
north,  52*05'  east  this  boundary  limit  descended  to  the  bottom,  i.e. , to  520  m.  In  the  reglont  of 
penetration  of  warm  Atlantic  water  into  the  Barents  and  Kara  Seas,  where  there  is  sufficiently  in- 
tense summer  heating,  and  where  the  seasonal  variations  of  temperature  and  salinity  of  the  topmost 
layers  are  not  significant,  the  arctic  surface  water  forms  a cold  intermediate  layer  in  the  summer. 
In  the  central  part  of  the  Arctic  basin  the  seasonal  variations  of  temperature  and  salinity,  accord- 
ing to  Nansen,  do  not  extend  deeper  than  60  m and  are  extremely  slight. 

The  near  freezing-point  temperatures  of  arctic  surface  water  and  the  vertical  distribution  of 
salinity  in  it  indicates  that  extremely  complicated  processes  are  Involved  in  its  formation.  In  par- 
ticular they  are  wind-caused  mixing,  a more  intensive  salinification  during  the  winter  over  the 
shoals,  but  mainly,  the  melting  process  as  a result  of  interaction  of  water  and  ice. 

Nansen  established  that  the  arctic  surface  water  moves  toward  the  straits  between  Greenland 
and  Spitzbergen  and  the  speed  of  this  current  increases  as  it  approaches  the  straits,  reaching  a 
speed  of  1.0  to  1.5  miles  per  day  right  at  the  straits.  It  was  established  also  that  the  Atlantic 
water  moves  in  at  subsurface  depths  in  approximately  the  opposite  direction,  with  speed  decreasing 
from  these  straits,  where  its  speed  is  also  about  1.0  mile  per  day.  It  follows  that  between  the 
levels  of  0 and  400  m there  is  a level  where  the  a peed  of  the  current  is  equal  to  zero.  Evidently  the 
depth  of  this  level  lies  between  75  and  100  m. 

In  addition,  the  ice,  being  subjected  to  wind  action,  moves  in  diverse  directions  and  with  di- 
verse speeds,  amounting  in  some  instances  to  15  miles  per  day.  In  this  process  the  ice  natuially 
carries  along  in  its  movement  the  surface  water  down  to  a certain  depth.  For  example,  the  instru- 
mental observations  of  Shirshov  and  Fedorov  showed  that  such  a wind-caused  current  in  the  Arctic 
Basin  as  a rule  is  clearly  defined  to  a depth  of  25  to  30  m and  only  in  rare  instances  does  it  em- 
brace a layer  deeper  than  50  m.  Usually,  after  a certain  interval  of  time,  a wind-caused  counter- 
current  is  set  up  somewhat  deeper  (at  depth  of  50  to  74  m)  and  this  again  '.ill  embrace  the  layer 
from  35  to  125  m only  in  case  of  prolonged  and  rapid  drift.  Thus  we  see  that  in  the  upper  layer  ol 
the  Arctic  Basin  there  exist  extremely  large  current  velocity  gradients  which,  however,  are  not 
sufficient  for  elimination  of  their  great  stability. 

Nansen  considered  that  the  low  salinity  of  the  surface  layers  in  the  drift  region  of  the  i'r 
was  due  to  the  fact  that  these  layers  are  formed  as  a result  of  mixing  of  Atlantic  water  for  the  most 
part  with  water  of  the  Siberian  rivers.  This  explanation  is  correct,  but  the  influence  of  the  river 
water  in  this  phenomenon  is  not  basic  and  decisive. 

Let  us  assume  that  wind-caused  mixing  is  completely  absent  in  a certain  region.  Let  us 
assume  further  that  a layer  of  ice  is  formed  in  this  region.  The  entire  layer  which  is  involved  in 
vertical  winter  circulation  is  of  course  salinlfled.  During  the  summer,  alter  the  ice  has  com- 
pletely or  partially  melted  away,  the  extreme  upper  layer  becomes  entirely  fresh.  Now,  if  we 
assume  that  there  exists  in  the  given  region  even  a slight  mixing  due  to  wind,  then  as  a result,  the 
layer  of  thaw  water  mixes  with  the  lower  layers  and  gradients  of  salinity  are  formed.  But  the  thick- 
ness of  ice  which  forms  during  the  winter  and  melts  away  during  the  summer  varies  from  year  to 
year  and  in  different  regions.  Masses  of  ice  are  constantly  carried  away  from  the  regions  of  their 
formation  and  melting  and  they  move  faster  than  the  water  at  the  lower  boundary  of  the  vertical 
winter  circulation,  if  we  recall  that  the  eddy  heat-conductivity  is  greater  than  the  eddy  diffusion. 
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we  may  then  consider  that  as  a result  of  these  processes  there  is  created  the  distribution  of  tem- 
perature and  salinity  which  is  observed  in  the  surface  layers  of  the  Arctic  Basin. 

From  an  examination  of  the  vertical  distribution  of  velocities  in  the  upper  layers  of  the  Arctic 
Basin  (from  0 to  400  m)  we  see  that  the  velocity,  let  us  say,  between  levels  75  and  100  m,  although 
ulso  in  the  direction  towards  the  straits  between  Spitzbergen  and  Greenland,  is  considerably  less 
than  the  speed  of  the  topmost  layers.  From  this  it  follows  that  the  water  which  lies  at  a depth  of 
75  to  100  m is  "older"  than  that  of  the  upper  layers.  And  since,  other  conditions  being  equal,  more 
ice  is  formed  during  the  winter,  tho  greater  is  the  depth  of  the  vertical  circulation,  it  follows  that 
theso  layers  will  retain  traces  of  the  most  intense  ice  formation  for  a very  long  time. 

As  we  have  seen,  there  are  regions  in  the  Arctic  Basin  where  the  floating  lco  during  the 
course  of  the  winter  is  constantly  carried  away  from  the  shore  and  from  the  fast  ice.  In  these  re- 
gions there  occurs  a more  Intense  lco  formation,  and  as  a result,  a more  Intense  sallnlficntlon  of 
surface  strata.  There  are  also  other  factors  in  the  Arctic  Basin  (besides  the  coastal  drainage  and 
decompressive  currents  and  winds)  which  have  an  influence  on  freshening  and  salinification  of  sur- 
face strata.  Worthy  of  attention  in  this  rospoct  are  the  phenomena  connected  with  the  concept  of 
limit  to  the  thickness  of  many-year-old  ice.  Actually,  if  ice  is  carriod  by  currents  or  winds  into 
regions  where  its  thickness  is  less  thiui  tho  limit  thickness  of  ice  of  this  region,  here  there  will 
occur  a supplementary  ice  formation  and  consequently  a salinification.  Conversely,  if  ice  is 
curried  into  a region  where  its  thickness  is  greater  than  the  limit  thickness,  melting  will  commence, 
and  as  a result,  a freshening  of  surface  strata.  Thus,  tho  surface  arctic  water  has  Its  main  origin 
not  only  in  the  mixing  of  river  water  with  Atlantic  water,  but  is  also  caused  by  other  extremely 
complex  processes,  tho  most  important  of  which  is  tho  melting  of  Ice  segments  which  Jut  out  deeply 
from  under  the  lower  surface  of  the  ice  fields.  Here  wo  may  only  emphasize  that  a level  upper 
surface  of  pack  ice  fields  (absence  of  hummocks  or  smoothing  over  of  them)  compels  us  to  assume 
that  the  lower  surface  of  tho  pack  fields  is  also  levelled  by  the  washing  action  of  the  water. 

Upon  analyzing  the  distribution  of  salinity  observed  by  the  expedition  in  l!)35  in  the  Kara  Sea, 

I was  struck  by  the  following  circumstance.  At  the  numerous  observation  points  in  the  northern 
part  of  this  sea  the  salinity  of  the  cold  surface  layers  was  everywhere  lower  th;ui,  for  example,  in 
the  oceunographlc  sections  located  more  to  the  south,  and  in  particular,  along  the  section  which 
traversed  the  wholo  of  the  Kara  Sea  at  about  79”  north. 

It  turned  out  that  a peculiar  belt  of  surface  water  of  comparatively  high  salinity  was  located 
between  Franz  Joseph  LAnd  and  the  central  part  of  Severnaya  Zemlya.  1 explain  the  origin  of  this 
belt  of  Increased  salinity  in  the  following  way: 

1.  In  the  region  of  increased  salinity,  the  deep  Atlantic  water  (flowing  here  as  a deep  current 
from  the  central  arctic)  rises  to  the  surface  due  to  the  decrease  in  depth  of  the  sea,  and  mixing 
with  the  surface  water.  Increases  its  salinity. 

2.  The  region  of  increased  salinity  is  located  at  approximately  the  transition  point  from  the 
great  ocean  depths  to  the  lesser  depths  of  the  continental  shelf.  On  this  account,  here  exactly 
should  be  observed  great  tidal  amplitudes,  great  speeds  of  tidal  currents,  and  consequently,  in- 
creased lateral  mixing. 

3.  In  the  region  of  increased  salinity  the  ice  during  the  winter  season  is  constantly  broken 
off  and  carried  away  to  the  north  by  winds.  On  account  of  this,  intensive  ice  formation  occurs 
here  entailing  the  salinification  of  tho  surface  layers. 


The  observations  of  the  station  "North  Pole"  confirmed  by  ideas  about  the  presence  of  a belt 
of  water  of  relatively  high  salinity,  embracing,  at  least  in  the  European-Aslatlc  sector,  the  central 
part  of  the  Arctic  Busin.  Actually,  the  lowest  salinity  of  arctic  surface  water  appeared  near  the 
North  Pole  and  it  Increased  toward  the  south.  In  addition,  the  salinity  of  arctic  surface  water  in  the 
drift  region  of  the  station  "North  Pole"  was  less  than  the  salinity  at  the  northern  observation  points 
of  the  Sadko  in  1935. 

More  striking  is  a comparison  of  salinities  observed  in  Chuckchee  Sea  with  salinities  in  the 
Arctic  Basin  in  the  region  to  the  north  of  Wrangel  Island.  In  the  whole  of  Chuckchee  Sea,  including 
the  Bering  Strait,  even  in  summer  the  32  o/oo  isohaline  does  not  descend  below  30  m.  In  addition, 
from  the  Bering  Straits  to  Wrangel  Island  there  stretches  a tongue  of  water  of  salinity  over  33  o/oo. 
But  to  the  north  of  Wrangel  Island  the  level  of  the  32  o/oo  isohaline  gradually  descends.  At  73°30' 
north,  184*30'  east  it  descends  to  40  m and  finally,  at  the  oceanographical  observation  points  be- 
tween 78*27'  and  81°32'  north,  176°32'  and  190*10'  east,  it  descends  to  60  m. 

There  is  now  a complete  basis  for  assuming  that  in  the  central  part  of  the  Arctic  Basin  the 
surface  water  is  not  salinified,  but  on  the  contrary  is  freshened.  This  remarkable  and  hitherto 
unnoticed  phenomenon  may  be  explained  only  by  the  fact  that  the  summer  melting  here  exceeds  the 
winter  freezing. 

For  a definitive  decision  on  this  question,  however,  there  is  needed  a more  precise  analysis 
of  existing  observations  than  I have  as  yet  made.  In  any  case,  the  stability  of  the  arctic  surface 
water  is  increased  by  this  freshening  thereby  hindering  the  deep  diffusion  of  vertical  winter  cir- 
culation with  the  lower  waters. 

How  limited  this  exchange  is  may  be  judged  by  the  following:  In  summer  there  are  very  many 
diatoms  in  the  ice  of  the  Arctic  Basin  and  in  the  surface  water.  However,  in  the  bottom  deposits  of 
the  deep  part  of  the  Arctic  Basin,  according  to  T.I.  Gorshkov,  diatoms  are  not  found. 

LITERATURE:  47,  77,  112,  164,  165. 

Section  147.  Atlantic  Water 

Although  conjectures  concerning  the  entry  of  Atlantic  water  into  the  Arctic  Basin  had  been 
expressed  even  before  the  ->  :r:  expedition,  Nanson  was  the  first  explorer  to  find  this  water  in  the 
arctic  and  explain  its  significance.* 

In  the  Arctic  Basin  and  its  surrounding  seas  we  find  water  of  various  temperatures  and  vari- 
ous salinities.  We  have  seen  that  the  water  exchange  of  the  Arctic  Basin  with  the  Pacific  Ocean  is 
extremely  limited.  The  water  exchange  with  the  Barents  Sea  is  slightly  greater,  but  the  main  ex- 
change is  with  the  Greenland  Sea.  In  other  words,  the  entire  saline  supply  of  the  Arctic  Basin  is 
of  Atlantic  origin. 


♦Refer  to  the  well  known  report  "On  Through  to  the  Pole"  by  Makorov  which  he  wrote  in  1897 
before  the  publication  of  the  results  of  Nansen's  expedition. 

Having  only  the  temperature  observations  of  the  Fran  , and  expressing  regret  that  there  had 
not  been  published  the  specific  gravities  which  would  have  made  it  possible  to  determine  immedi- 
ately the  source  of  the  warm  stratum  which  was  found,  Makarov  says:  "We  may  say  that  the  warm 
water  at  200  to  800  m should  be  more  saline  than  the  surface  water  or  otherwise  it  would  rise  up- 
wards and  not  remain  below.  Since  there  are  in  the  Arctic  Ocean  many  reasons  for  decrease  of 
salinity,  it  is  therefore  evident  that  the  water  which  occurs  at  the  200  to  800  m layer  comes  from 
the  southern  latitudes." 
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We  have  also  seen  that  the  coastal  drainage  and  lee  behavior  play  a large  role  In  the  forma- 
tion of  the  water  In  the  Soviet  Arctic  seas.  The  Atlantic  water  in  them  is  therefore  greatly  diluted. 
The  question  arises  as  to  what  can  be  considered  as  Atlantic  water  in  the  arctic?  It  is  clear  that 
the  limits  both  of  temporature  and  salinity  of  this  water  can  be  only  extremely  arbitrary. 

According  to  Nansen,  the  signs  of  Atlantic  water  in  the  arctic  are,  first,  positive  temperature, 
und  second,  high  salinity  (about  34.0  o/oo).  The  salinities  determined  by  Nansen  turned  out  to  be 
somewhat  too  high.  Let  us  take,  therefore,  as  the  lower  limit  of  salinity  of  Atlantic  water  a salinity 
of  34.  5 o/oo. 

Figure  150  shows,  according  to  I)obrovolski,  the  isotherms  of  the  warm  Atlantic  layer  at  a 
level  of  300  m.  The  observations  of  the  station  "North  Pole",  the  Sedov  , and  those  of  ships  which 
worked  on  the  periphery  of  the  Central  Arctic  Basin  wore  employed  for  compiling  this  drawing.  For 
the  region  to  the  north  of  Wrangel  Island,  the  drawing  was  completed  with  data  of  the  Libin- 
Cherevlchny  expedition  of  1941. 

Table  1 1 1 shows  the  averaged  values  of  temperature  and  salinity  in  the  work  region  of  the 
Libin-t  herevlchny  expedition  of  1941.  Tnble  112  shows  the  vertical  distribution  of  oxygen  at  one  of 
the  observation  points  of  this  expedition. 

In  both  tables  the  warm  Atlantic  water  is  clearly  defined . The  maximum  temporature  was 
observed  at  a level  of  500  m und  was  oqual  to  0.  72°  with  salinity  34.  97  o/oo.  Thus  we  may  now 
consider  that  the  penetration  of  warm  Atlantic  water  into  the  region  to  the  north  of  Wrangel  Island 
has  boon  decisively  proven. 

As  may  be  seen  from  table  112,  the  content  of  oxygen,  supersaturating  the  water  in  the  upper 
levels,  decreases  comparatively  little  In  the  warm  Atlantic  layer.  This  fact  indicates  a small  ex- 
penditure of  oxygen  In  this  layer  for  oxidation  processes,  in  particular  for  life  activity  of 
organisms. 

From  figure  150  it  may  bo  seen  that  the  basic  core  of  Atlantic  water  extends  to  the  east  from 
the  straits  between  Greenland  and  Spitsbergen,  swerves  to  the  right,  and  puts  out  tongues  into  the 
troughs  as  it  goes  from  the  great  depths  into  the  northern  parts  of  the  surrounding  seas.  Two 
tongues  enter  Barents  Sea  from  the  north— one  between  Spitzbergen  and  Victoria  Island  and  the  other 
between  Victoria  Island  and  Franz  Joseph  Land.  Two  tongues  also  jut  into  the  northern  part  of  the 
Kara  Son--ono  between  the  Sad  k o shoals  and  Severnaya  Zemlya,  and  since  the  depths  are  greater 
in  the  western  trough  than  in  the  eastern,  the  warm  layer  here  extends  more  to  the  south.* 

In  the  Laptev  Sea  only  one  tongue  has  been  noted,  and  since  the  great  depths  here  extend 
farthest  to  the  south,  the  warm  layer  also  penetrates  more  to  the  south  than  in  all  the  other  troughs. 

The  maximum  temperature  of  the  warm  layer  is  not  always  found  at  the  same  level.  Over 
great  depths  it  is  generally  obsorvod  at  400  m.  On  the  periphery  this  depth  decreases  and  in  the 
region  to  the  north  of  Novaya  Zemlya  it  drops  to  150  m.  Thus,  in  the  furrows  which  stretch  out 
from  the  central  basin,  the  Atlantic  layer  climbs  up  along  the  continental  slope  and  further  onto  the 
continental  shelf. 


•The  first  signs  of  warm  Atlantic  water  entering  Kara  Sea  from  the  north  were  discovered  by 
Makarov  in  1901.  This  fact  was  conclusively  established  by  the  Sedov  in  1930. 


Figure  150.  Isotherms  at  300  m depth  in  the  Arctic  Basin. 


TABLE  111.  AVERAGE  VALUES  OF  OCEANOGRAPHIC  FEATURES  IN  THE  REGION 
BETWEEN  78l,27'  AND  81°32’  NORTH.  176°32'  EAST  AND  169°50’ 
WEST  ACCORDING  TO  THE  OBSERVATIONS  OF  THE  AIRPLANE  N-I69 
EXPEDITION.  2 THROUGH  28  APRIL  19-11 


Depth  in 
meters 

S o/oo 

Depth  in 
meters 

t* 

S o/oo 

Depth  in 
meters 

t° 

S o/oo 

0.5 

-1.70 

31.60 

150 

-1.31 

34.08 

700 

0.24 

34.83 

2 

-1.66 

29.32 

200 

-1.05 

34.48 

750 

0.16 

34.09 

5 

-1.65 

30.40 

250 

-0.36 

34.62 

800 

... 

34.90 

10 

-1.66 

30.48 

275 

-0.21 

34.70 

850 

0.05 

— 

20 

-1.68 

— 

300 

0.15 

34.78 

900 

0.00 

34.92 

25 

-1.68 

30.91 

350 

0.47 

34.83 

1000 

-0.06 

34.95 

30 

-1.68 

— 

400 

0.60 

34.91 

1250 

-0.28 

— 

50 

-1.61 

31.74 

500 

0.62 

34.89 

1300 

-0.29 

34.97 

75 

-1.56 

32.48 

550 

0.59 

— 

2000 

-0.41 

34.96 

80 

-1.56 

— 

600 

— 

34.89 

3000 

-0.31 

34.96 

100 

-1.54 

32.78 

650 

0.49 

34.96 

3350 

— 

34.99 

TABLE  112.  VERTICAL  DISTRIBUTION  OF  OXYGEN  AT  79°53.5'  NORTH,  169°59'  WEST 

ON  28  APRIL  1941  ACCORDING  TO  OBSERVATIONS  OF  THE  N-169  EXPEDITION 


Depth  in 
meters 

■S'  o/oo 

()2 

°2  o/o 

2 

-1.70 

31. 11 

9.16 

104.9 

10 

-1.69 

31.00 

9.10 

104.4 

25 

-1.68 

30.95 

9.33 

107.5 

250 

— 

34.67 

7.32 

89.7 

300 

0.  15 

34.81 

7.24 

90.2 

500 

0.70 

— 

7.25 

91.8 

750 

0.20 

— 

7.19 

89.9 

1000 

-0.06 

34.94 

7.40 

92.2 

It  must  be  noted  further  that  the  thickness  of  the  warm  layer  (within  the  limits  of  positive 
temperatures)  decreases  in  a direction  towards  the  periphery.  For  example  the  average  thickness 
of  the  warm  layer  in  the  drift  regions  of  the  station  "North  Pole"  and  Icebreaker  Sedov  and  in 
the  region  north  of  W range  I Island  was  about  600  m;  in  the  northern  part  of  the  Laptev  Sea  about 
400  to  520  m,  in  the  northern  part  of  the  Kara  Sea  about  300  m,  and  north  of  the  Spitsbergen  Franz 
Joseph  Land  line  about  280  m.  Thus  the  thickness  of  the  Atlantic  layer  everywhere  decreases  as  it 
moves  into  the  lesser  depths . 

Figure  151  shows  an  oceanographic  section  between  Franz  Joseph  Land  and  VIze  Island 
approximately  along  79°  north  made  by  us  in  1932  on  the  An  i pov  ich.  This  drawing  gives  a 
graphic  idea  of  how  the  Atlantic  water  moves  along  the  St.  Anna  trough  to  the  south  towards  Novaya 
Zemlya. 
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Figure  151.  Temperature  and  salinity  of  a section  along  79°  north 
latitude  in  the  Kara  Sea  between  Franz  Joseph  Land 
and  Vize  Island. 


Figure  152  is  an  oceanoiographic  section  which  I have  constructed  according  to  preliminary 
data  obtained  by  the  Sedov  . From  the  drawing  we  see  howduringthe  Sedov  ' s drift  toward  the 
north  the  temperature  of  the  warm  layer  dropped,  and  during  the  drift  to  the  south  the  temperature 
rose. 

Returning  to  figure  150,  on  which  the  isotherms  are  drawn  at  intervals  of  0.5°,  we  see  that  in 
an  easterly  direction  the  distance  between  isotherms  is  large,  while  in  a southerly  direction  the 
isotherms  are  close  together.  The  same  occurs  also  for  all  other  depths  and  testifies  to  the  fact 
that  the  Atlantic  water  when  passing  over  great  depths  cools  considerably  slower  than  when  it  rises 
up  onto  the  continental  shelf.  This  fact  will  become  still  clearer  if  we  take  into  consideration  the 
fact  that  as  the  warm  layer  rises  up  onto  the  shelf  its  thickness  simultaneously  decreases.  The 
cooling  of  the  warm  layer,  of  course,  occurs  basically  in  a vertical  direction. 

Calculations  made  by  Dobrovolski  have  shown  that  the  quantity  of  heat  which  the  warm  layer 
gives  off  in  an  upward  direction,  that  is,  in  the  final  result  into  the  atmosphere,  amounts  in  all  to 
about  3 kg-cal  per  square  cm  per  year.  This  value  Is  extremely  small  in  comparison  with  that  for 
example,  in  the  Barents  Sea  between  North  Cape  and  the  meridian  of  Kolski  where  every  square  cm 
of  sea  surface  gives  off  about  120  kg-cal  per  year.  It  must  be  emphasized,  however,  that  the  heat 
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Figure  152.  Depths  and  Oceanographic  Section  in  the  Arctic  Basin 
along  the  drift  track  of  the  Sedov. 

given  off  by  the  sea  to  the  atmosphere  in  the  Arctic  Basin  is  made  up  not  only  of  the  heat  which  is 
lost  by  the  warm  layer.  During  the  course  of  the  summer  the  ocean  here  stores  up  a considerable 
quantity  of  heat  as  a result  of  the  rise  in  temperature  of  the  ice.  melting  of  a part  of  it6  thickness, 
and  some  heating  of  the  water  between  floes  and  under  them.  IXiring  winter,  the  heat  which  has 
accumulated  in  the  summer  returns  to  the  atmosphere. 

Finally,  we  must  recall  that  huge  masses  of  ice  are  carried  out  of  the  Arctic  Basin  every 
year  into  the  more  southerly  latitudes  and  mainly  into  the  Greenland  Sea.  Ice  in  the  sea  is  actually 
concentrated  cold  which  has  accumulated  during  the  winter.  Every  gram  of  ice  represents  80 
calories.  If  we  accept  very  cautiously  the  fact  that  every  year  there  is  carried  out  of  the  Arctic 
Basin  an  area  of  only  one  tenth  of  its  whole  ice  cover,  of  thickness  about  300  cm.  or  in  other  words, 
about  30  cm  of  ice  from  the  whole  area  of  the  Basin,  then  this  likewise  amounts  to  about  3 kg-cal 
per  square  cm. 

More  remarkable  with  respect  to  the  warm  layer  is  the  fact  that  in  the  central  part  of  the 
basin  the  temperature  of  the  layer  steadily  decreases  in  a northern  and  eastern  direction,  but  the 
depth  of  the  maximum  remains  practically  unchanged.  Observations  made  up  to  this  time  show  the 
occurrence  of  such  a maximum  at  a depth  of  about  400  m. 

If  the  vertical  coefficient  of  mixing  were  the  same  in  both  the  upper  and  the  lower  layers,  then, 
since  the  temperature  gradient  is  greater  in  the  upper  layers  than  in  the  lower,  the  depth  of  the 
temperature  maximum  would  of  course  descend  with  the  passage  of  time.  The  fact  that  this  maxi- 
mum remains  at  approximately  the  same  depth  despite  the  lowering  of  the  temperature  of  this 
maximum  over  the  course  of  time,  proves  that  here  an  equilibrium  is  comparatively  quickly  reached; 
i.e. , the  flow  of  heat  directed  upwards  from  the  warm  layer  is  equal  to  the  flow  of  heat  directed 
downwards  from  this  layer.  This  may  be  explained  only  by  the  fact  that,  despite  the  observed 
difference  of  temperature  gradients,  and  despite  the  fact  that  the  gradients  of  horizontal  speed  are 


415 


creator  in  the  upper  layers  than  In  the  lower  (which  also  intensifies  the  mixing),  causes  exist  which 
retard  the  diffusion  of  heat  upwards.  It  is  not  difficult  to  see  that  these  causes  consist  of  the  fact 
that  the  stability  of  the  layers  located  above  the  warm  layer  is  very  great,  while  the  stability  of  the 
strata  below  it  is  very  slight. 

LITERATURE:  45,  72,  77,  101.  l«4.  165. 

Section  148.  Deep  Water 

We  have  seen  that  water  of  positive  temperature  and  high  salinity  in  the  Arctic  Basin  is  con- 
ventionally considered  as  Atlantic  water.  The  conventionality  of  such  a designation  is  particularly 
marked  in  determination  of  the  boundary  between  intermediate  Atlantic  and  deep  water  which,  as  we 
shall  see  below,  is  properly  called  Greenland  water. 

Actually,  all  temperature- salinity  curves  constructed  for  observation  stations  of  the  Arctic 
Basin  show  that  homogeneity  in  respect  to  salinity  (from  34.7  to  34.9  o/oo)  commences  approxi- 
mately at  depths  of  300  to  400  m.  The  lower  limit  of  positive  temperatures  is  found,  at  a distance 
from  the  shores,  at  depths  of  700  to  800  m.  while  uniformity  in  temperature  (from  0.5°  to  0.9°) 
commences  at  a depth  of  1,500  m. 

The  fact  must  be  noted,  nevertheless,  that  the  greatest  temperature  gradients  below  the  level 
of  the  Atlantic  water  axis  are  located  everywhere  at  depths  of  500  to  800  m.  Thus  the  lower  zero 
isotherm  coincides  approximately  with  the  lower  limit  of  the  large  temperature  gradients.  There 
is  every  basis  for  supposing  that  the  large  vertical  temperature  gradients  are  a result  of  compara- 
tively large  velocity  gradients.  We  may  consequently  consider  that  in  the  Arctic  Basin  the  Atlantic 
water  is  separated  from  the  deep  Greenland  water  by  a zone  of  lateral  mixing. 

The  origin  of  the  deep  water  of  the  Arctic  Basin  was  analyzed  in  detail  by  Nansen  in  connec- 
tion with  the  : observations.  In  addition,  during  the  expedition  on  the  IVs)  in  1912,  Nansen 
made  a series  of  observations  for  the  purpose  of  checking  his  original  conclusions  and  he  arrived  at 
the  same  results.  These  conclusions  are  as  follows: 

1.  The  deep  water  of  the  Arctic  Basin  is  warmer  than  the  deep  water  of  the  Greenland  sea  at 
the  same  depths.  Proceeding  from  this  fact.  Nansen  came  to  the  conclusion  that  between  the  north- 
eastern end  of  Greenland  and  the  northwestern  end  of  Spitzbergen  there  must  exist  an  underwater 
ridge  on  which  the  depth  must  not  exceed  1500  to  2000  m.  This  ridge  must  limit  the  water  exchange 
between  the  deep  water  of  the  Greenland  Sea  and  the  Arctic  Basin  :uid  must  explain  the  comparatively 
high  temperatures  of  the  deep  water  of  the  Arctic  Basin  by  comparison  with  the  deep  water  of  the 
Greenland  Sea. 

The  existence  of  such  a ridge  is  unquestionable  but  it  has  not  yet  been  proven  by  direct  obser- 
vations. It  has  been  decided  to  call  it  the  Nansen  ridge. 

2.  The  deep  water  of  the  Arctic  Basin  is  formed  In  the  Greenland  Sea  from  Atlantic  water  at 
approximately  75°  north  and  at  0"  longitude  as  a result  of  vertical  winter  circulation.  It  then  passes 
over  the  Nansen  ridge  and  goes  on  to  spread  out  along  the  bed  of  the  Arctic  Basin. 

Nansen  illustrates  his  conception  of  the  origin  of  the  deep  water  of  the  Arctic  Basin  with  a 
diagram  of  an  oceanographic  section  (figure  153),  made  from  the  Faeroe  Islands  north,  approxi- 
mately along  the  Greenwich  meridian. 
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Figure  153.  Oceanographic  Section  from  Faeroe  Islands  through  the  Greenland  Sea 
and  Arctic  Basin. 


3.  In  the  Arctic  Basic  proper  the  deep  Greenland  water  evidently  moves  in  the  same  direction 
as  the  intermediate  Atlantic  water  (although  considerably  slower),  describing  a closed  circulation 
around  the  Pole. 

In  its  course  around  the  Pole  this  water  is  partly  heated  by  the  internal  heat  of  the  earth  from 
below  and  partly  by  the  heat  of  the  Atlantic  water  from  above  and  it  is  cooled  by  the  new  entry  of 
water  from  Greenland  Sea. 

There  is  as  yet  little  data  at  our  disposal  which  would  refute  or  would  substantially  supple- 
ment these  conclusions  of  Nansen.  We  may  only  point  out  that  the  absence  of  diatoms  in  the  silt  of 
the  deep  part  of  the  Arctic  Basin,  which  has  already  been  noted  above,  likewise  testifies  to  the  fact 
that  the  arctic  deep  water  is  actually  reprocessed  Atlantic  water. 

Figure  154  shows  (according  to  Nansen)  an  oceanographic  section  extending  along  the  axis  of 
the  Spitzbergen  current.  Here  may  be  seen  not  only  the  distribution  of  deep  water  in  the  Greenland 
Sea  but  also  the  diagram  of  penetration  of  warm  Atlantic  water  into  the  Arctic  Basin. 
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Figure  134.  Oceanographic  Section  along  the  Axis  of  the  Spitzbergen  Current 
through  the  Greenland  Sea  and  Arctic  Basin. 

LITERATURE:  61,  164,  165. 

Section  149.  Drift  of  Vessels  and  Buoys 

It  is  clear  that  the  general  circulation  of  arctic  ice  is  linked  with  the  arctic  surface  current, 
which  is  in  turn  caused  in  part  by  this  circulation.  This  circulation  is  most  fully  evident  from 
examination  of  the  drift  of  vessels  and  buoys  along  with  the  arctic  ice. 

Such  drifts  are  schematically  shown  In  figure  135. 

The  following  peculiarities  of  these  drifts  are  worthy  of  attention: 

1.  From  Point  Barrow  and  up  to  the  straits  between  Spitzbergen  and  Greenland  there  is  a 
constant  drift  from  e;ist  to  west.  This  drift  is  confirmed  by: 

a)  drift  of  ship  A : - , h in  1013  to  1914  for  a distance  of  about  500  miles,  approximately 
from  Point  Rarrow  toWrangel  Island. 

b)  drift  of  ship  .Jhanne  fta  in  1879  to  1881  for  a distance  of  about  730  miles  from 
Wrangel  Island  to  the  New  Siberian  Islands. 
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Figure  155.  Drift  of  ships  together  with  ice  in  the  Arctic  Basin. 

c)  drift  of  icebreaker  •>’  : in  1937  to  1940  for  a distance  of  about  1500  miles  from  the 

New  Siberian  Islands  to  the  strait  between  Spitzbergen  and  Greenland. 

From  this  list  and  from  figure  155  we  see  that  the  drifts  of  the  ships  • fa  and  .’.’a:.,:'  on 


the  one  hand,  and  those  of  the  and  : on  the  other,  while  differing  in  details,  generally 

repeat  each  other.  This  testifies  to  the  stability  of  the  general  movement  of  ice  from  east  to  west 
along  the  continental  slope  of  the  Eurasian  continent  - a movement  which  Lomonosov  wrote  about 
and  which  Nansen  employed  so  brilliantly  for  his  expedition  on  the 


2.  The  drift  of  the  ship  ft*  . .-if:  : in  1912  to  1914  from  the  Kara  Sea,  and  drifts  of  icebreakers 
oV.:.'"  and  in  1937  to  1938  from  the  Laptev  Sea,  demonstrate  the  transfer  of  ice 

from  these  seas  into  the  central  part  of  the  Arctic  Basin  ;ind  their  subsequent  conjunction  with  the 
general  drift  of  arctic  ice  from  east  to  west.  The  same  phenomenon  is  confirmed  by  figure  156.  on 
which  are  shown,  according  to  Vize,  the  most  probable  routes  of  b iovs  thrown  onto  the  ice  by 


Soviet  expeditions. 


Thus,  from  examination  of  drifts  of  vessels  and  buoys  it  appears  that  if  one  goes  from  Franz 
Joseph  Land  in  direction  towards  the  Pole,  he  would  first  cross  ice  carried  out  of  the  Kara  Sea 
(up  to  approximately  84°  north),  and  then  he  would  cross  ice  carried  out  of  the  Laptev  Sea  (up  to 
approximately  86°  north). 

At  the  same  time  there  is  no  indication  of  to  what  extent  such  seas  as  the  East  Siberian  ;md 
Chuckchee  are  connected  with  the  basic  driltof  arctic  ice.  From  this  it  follows,  apparently,  that  the 
Kara  ;uid  Laptev  Seas  on  the  one  h;uid  ;md  the  East  Siberian  ;md  Chuckchee  on  the  other  are  quite 
different  in  respect  to  water  exchange  and  ice  exchange  with  the  Arctic  Basin.  In  the  case  of  the 
first  two  seas,  although  they  have  their  own  circulations,  they  are  nevertheless  very  closely  con- 
nected with  the  circulation  of  the  Arctic  Basin.  Characteristic  of  these  seas  is  a great  transfer  of 
ice  from  them  into  the  Arctic  Basin.  VVc  recall  that  it  is  in  exactly  these  two  seas  that  coastal 
drainage  plays  the  greatest  role.  In  the  East  Siberian  and  Chuckchee  Seas  there  is  apparently  no 
significant  ice-exchange  with  the  Arctic  Basin.  It  is  possible  that  in  the  case  of  these  seas  the 
inflow  of  ice  even  exceeds  the  outflows. 

The  drift  of  the  camp  of  the  .Andre  expedition  in  1897  shows  that  a section  of  ice  enters  the 
northwestern  part  of  the  Barents  Sea  from  the  Arctic  Basin. 
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lit).  The  probable  drift  of  buoys  in  the  Arctic  Ocean. 


mm 


4.  In  addition  to  the  ice  circulation  connected  with  the  basic  circulation  of  the  Arctic  Basin, 
each  sea  has  its  own  ice  circulation  in  an  approximately  counter-clockwise  direction.  This  is 
demonstrated  by  the  drift  of  the  ship  Vegettgof  in  1872  to  1873  from  Novaya  Zemlya  to  Franz 
Joseph  Land  in  the  Barents  Sea,  by  the  drift  of  the  ships  Dimfna  and  Varna  in  1882  to  1883  in  the 
Kara  Sea  (figure  157),  by  the  drift  of  the  caravan  of  the  icebreaker  Lanin  in  1937  to  1938  in  the 
southwestern  part  of  the  Laptev  Sea,  and  by  the  drift  of  the  steamship  Chelyusk  ir.  in  1933  to  1934 
in  the  Chuckchee  Sea  (figure  138). 


Figure  157.  Drift  of  the  Dimfna. 

5.  The  ice  exchange  between  neighboring  seas  is  likewise  demonstrated  by  drifts  of  certain 
vessels.  Thus,  the  ship  Dimfna  was  carried  by  the  ice  out  of  the  Kara  Sea  through  the  "Kara 
Gates”  into  the  Barents  Sea.  The  ship  Belgica  in  the  summer  of  1907  was  carried  out  of  the  Kara 
Sea  from  the  straits  of  Matochkin  Shar  through  the  "Kara  Gates”  into  the  Barents  Sea.  The  ice- 
breaking steamship  Solove  i-Bodimitouich  in  February  1920  was  carried  from  the  Barents  Sea 
into  the  Kara  Sea  likewise  through  the  "Kara  Gates"  (figure  159).  In  the  summer  of  1937  many 
vessels,  including  the  Saiko  and  a whole  caravan  of  ships  headed  by  the  icebreaker  Len  i n,  were 
carried  by  the  ice  from  the  Kara  Sea  into  the  Laptev  Sea. 

6.  As  may  be  seen  from  the  drift  of  the  station  "North  Pole"  in  1937  to  1938  and  that  of  the 
Sedov  in  1937  to  1940,  there  is  an  ice  drift  in  a direction  from  the  North  Pole  into  the  strait  be- 
tween Greenland  and  Spitzbergen. 

7.  According  to  the  observations  of  Peary  during  his  expedition  from  the  North  American 
coast  to  the  North  Pole,  the  ice  drift  along  the  north  coast  of  Greenland  was  also  directed  into 
Greenland  Sea. 
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Figure  158.  Drift  of  the  Chelyuskin. 

Thus,  the  general  scheme  of  drift  of  arctic  ice  appears  fairly  clear,  and  at  first  glance, 
simple:  from  the  coast  of  Alaska,  from  the  North  Pole,  and  from  the  coasts  of  the  North  American 
Archipelago  into  Greenland  Sea.  However,  there  is  very  weighty  evidence  that  the  ice  drift  occurs 
according  to  a more  complex  scheme,  it  is  proposed,  for  example,  that  the  ice  drift  along  the  con- 
tinental slope  of  Alaska  and  Asia  from  east  to  west  is  only  a part  of  a broad  anticyclonic  movement 
with  its  center  at  approximately  83“'-85°  north,  170'-180°  west.  Such  a supposition  was  first  ex- 
pressed as  a result  of  the  work  of  the  polar  expedition  on  the  ship  Zarva . Information  since  re- 
ceived does  not  contradict,  but  to  a certa'n  degree  even  confirms  this  proposed  scheme. 

Figure  1(10  shows,  by  means  of  arrows,  surface  currents  in  the  Arctic  Ocean.  For  compila- 
tion of  this  chart  I have  used  maps  of  currents  of  the  following  authors:  Smith  (Baffin  Bay),  Meyer 
(North  Atlantic),  Nansen  (Norwegian  Sea),  Berezkin  (Greenland  Sea),  Sakolov  (Barents  Sea), 
Kireyev  (Kara  Sea),  Lappo  (Laptev  Sea),  Hatmanov,  Gakkel,  and  Khmyznikov  (Chuckchee  Sea). 
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Figure  159.  Drift  of  the  Solvvr  i -Pud  imirovich. 

Kxamintng  figure  160,  we  see  that  the  more  a given  sea  has  been  studied,  the  more  complex 
its  circulation  appears.  This  can  only  mean  that  the  circulation  of  ice  in  the  Central  Arctic  Basin 
is  hardly  as  simple  tut  wo  have  hitherto  believed. 

One  feature  of  the  general  circulation  of  ice  in  the  Arctic  Basin  is  worthy  of  special  mention. 
The  drift  of  ice  depends  on  two  factors:  Sea  currents  and  wind.  It  is  obvious  that  ice  which  rides 
with  approximately  4/5  of  its  thickness  in  the  water  is  carried  along  by  surface  sea  currents.  It  is 
also  clear  that  this  ice  is  subject  to  wind  action,  which  drives  it  ahead,  blowing  against  the  projec- 
tions and  uneven  parts  of  the  ice  field.  But  the  effect  of  these  factors  is  not  equally  felt  in  different 
regions.  In  regions  of  strong  permanent  currents,  for  example  in  the  Greenland  Sea,  the  influence 
of  wind  is  weakened.  In  the  Central  Arctic  Basin,  where  permanent  currents  are  weakly  defined, 
the  drift  of  ice  submits  easily  to  the  wind. 

During  the  drift  of  the  Sr  iot)  determinations  of  the  true  course  of  the  ship  were  taken  regu- 
larly. These  observations  made  it  possible  to  follow  a most  interesting  phenomenon:  no  matter 
what  loops  and  zigzags  the  ship  described  while  drifting  along  with  the  ice  toward  the  west,  it 


Figure  1 60 . Diagram  of  the  surface  currents  in  the  Arctic  Busin. 

invariably  moved  almost  parallel  to  itself.  In  other  words,  the  ship  did  not  rotate,  although  actu- 
ally it  should  inevitably  have  turned  about  if  the  effect  of  the  wind  had  been  felt  only  on  it  (the  ship 
itself)  or  on  a limited  area  directly  adjacent  to  the  vessel.  Departures  from  this  rule  were  ob- 
served only  in  cases  of  strong  local  hummocking,  but  these  were  of  a temporary  nature  and  at  the 
conclusion  of  the  hummocking  the  ship  usually  returned  to  its  former  position.  Such  a steady  be- 
havior of  the  ship  may  be  explained  by  the  compactness  of  the  ice  in  the  drift  region. 

This  is  demonstrated  best  by  the  fact  that  up  to  May  of  1939  the  true  course  of  the  Sedov  var- 
ied almost  exactly  as  much  as  its  longitude  varied.  Only  on  6 May  1939  when  the  westerly  move- 
ment was  intensified,  war  there  noted  a counter-clockwise  turn  of  the  ship  amounting  to  12°.  This 
unexpected  turn  of  the  ice  evidently  occurred  in  connection  with  the  formation  of  a gigantic  water 
opening  (2000  m wide,  length  beyond  limits  of  visibility)  which  appeared  on  9 April.  In  the  ice  sur- 
rounding the  ; r there  apparently  occurred  a certain  amount  of  thinning  in  connection  with  the 
ship's  approach  to  the  powerful  Fast  Greenland  current.  In  any  case,  this  phenomenon  was  intensi- 
fied as  the  ship  approached  the  straits  between  Spitsbergen  and  Greenland. 

Obviously,  if  we  calculate  the  difference  between  the  true  course  of  the  ship  and  the  longitudes 
where  the  ship  was  then  located,  it  is  not  difficult  to  compute  the  direction  change  of  the  ship's  cen- 
terline for  the  period  between  the  two  determinations.  For  example  from  30  June  1939  through 
1 January  1940  the  true  course  of  the  -S 'edov  changed  by  68.3°,  while  the  longitude  of  the  doit 
changed  58.5°.  Consequently,  the  direction  of  the  vessel's  centerline  changed  by  9.82  for  this 
period. 

This  indicates  that  the  Sadov,  despite  all  the  zigzags  and  loops  which  it  described  along  with 
the  drifting  ice,  moved  almost  parallel  to  Itself,  veering  only  slightly  to  the  right  (up  to  13.6°)  and 
to  the  left  (up  to  9.8°)  of  the  direction  which  it  occupied  on  30  June  1939. 
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The  Sedov  ' s drift  parallel  to  itself  is  by  no  means  surprising.  The  f'ram  and  the  station 
"North  Pole"  in  exactly  similar  fashion  experienced  no  rotation,  although  they  too  described  fan- 
tastic zigzags  under  influence  of  the  wind.  Such  a three-fold  concurrence  demonstrates  with  suffi- 
cient conclusiveness  that  in  the  drift  are  great  ice  areas  participating  simultaneously  which  moves 
in  the  same  direction,  obeying  winds  of  the  same  strength  and  direction. 

Finally,  we  also  find  confirmation  of  this  condition  in  the  surprising  similarity  of  the  drifts  of 
the  Sadko  and  L>  n in  caravans  in  the  Laptev  Sea  in  1937  to  1938,  the  drifts  being  different  only  in 
the  details.  Both  caravans,  being  subjected  to  the  same  winds,  repeated  the  same  zigzags. 

During  this  type  of  movement,  which  was  generally  parallel  to  itself,  the  Sed  o u occasionally 
made  a turning  movement  relative  to  the  general  direction.  The  amplitude  of  such  turns  from  July 
through  December  1939  was  up  to  23°.  These  turns  may  be  explained  not  only  by  local  causes  con- 
nected with  formation  of  local  polynyas  and  water  openings,  but  also  by  more  general  causes. 

Thus,  for  example,  these  turns  could  be  caused  by  the  fact  that  the  ice  which  moves  from  the 
New  Siberian  Islands  towards  Greenland  as  it  drifts  southwest  pushes  its  southern  edge  into  the 
northern  end  of  Severnaya  Zemlya,  Franz  Joseph  Land  and  Spitzbergen,  thus  making  the  ice  turn 
counter-clockwise.  In  drifting  northwest,  the  ice  runs  into  the  more  massive  polar  ice  which  is 
located  in  the  region  north  of  Franz  Joseph  Land,  approximately  above  the  86th  parallel. 

LITERATURE:  31,  62,  70,  72,  77. 


Section  150.  Atmospheric  Pressure  Over  the  Arctic  Basin 

We  have  seen  that  the  drift  of  ice  is  determined  by  the  winds  and  by  the  effect  of  the  earth's 
rotation,  and  that  in  the  final  result  it  proceeds  along  the  isobars  and  with  a speed  inversely  pro- 
portional to  the  distance  between  them.  Thus,  the  distribution  of  atmospheric  pressure  which  de- 
termines the  direction  of  the  air  currents  is  reflected  in  a most  decided  fashion  on  the  general  and 
local  circulation  of  ice. 

The  most  important  centers  of  atmospheric  action  for  the  arctic  are: 

1.  The  Iceland  low  - a deep  barometric  depression  located  in  the  northern  part  of  the  Atlantic 
Ocean,  slightly  south  of  Iceland.  From  this  center,  a trough  of  low  pressure  stretches  to  the  north- 
east, extending  in  winter  to  Severnaya  Zemlya  and  in  autumn  even  to  the  New  Siberian  Islands. 

This  trough  is  formed  by  the  northeast  movement  of  cyclones  which  have  formed  on  the  southern 
periphery  of  the  Icelandic  low. 

2.  The  Aleutian  low  - situated  in  the  northern  part  of  the  Pacific  Ocean.  It  is  sharply  defined 
in  the  winter,  while  in  the  summer  it  is  replaced  by  an  area  of  slightly  increased  pressure.  This 
low  has  considerably  less  influence  on  the  Arctic  Busin  than  the  Icelandic  low  and  its  sphere  of  in- 
fluence extends  for  the  most  part,  only  into  the  Chuckchee  Sea. 

3.  The  East  Siberian  high  - extremely  sharp  defined  In  the  winter.  In  January  its  center  is 
situated  at  approximately  60°  north,  120°  east.  In  summer  this  high  is  completely  eliminated  and 
in  its  place  is  located  an  area  of  decreased  atmospheric  pressure. 


The  reversibility  of  the  Siberian  high  and  Aleutian  low  explains  the  monsoonal  character  of 
winds  in  the  Japan  and  Okhotsk  Seas  and  likewise  the  monsoonal  character  of  winds  of  the  Soviet 
Arctic.  This  feature  is  most  clearly  evidenced  in  the  Laptev  and  East  Siberian  Seas.  In  the 
Chuckchee  Sea  it  is  slightly  obscured  by  other  and  stronger  factors. 

According  to  Vize,  a change  of  winds  from  the  Atlantic  - continental  group  (south,  southwest, 
west)  to  winds  of  the  Polar  group  (north,  northeast,  east)  occurs  along  the  whole  Soviet  coast  in 
April,  and  a reverse  change  in  September.  Figure  161  shows  the  variability  of  Intensity  of  winds 
of  Polar  and  Atlantic-continental  groups  according  to  Vize. 
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Figure  161.  Variability  of  intensity  of  Atlantic,  continental  and  polar  winds. 


4.  The  Arctic  high  - located  over  the  Central  Arctic  Basin,  and  the  Greenland  and  Canadian 
highs  which  are  part  of  its  system.  Little  is  known  of  the  formation  of  this  system. 

It  would  be  natural  to  assume  that  the  Greenland  and  Canadian  highs,  located  over  large  land 
expanses,  should  be  especially  clearly  defined  in  the  winter  like  the  East  Siberian  high.  In  the 
summer  the  Canadian  high,  like  the  East  Siberian,  should  be  replaced  by  an  area  of  decreased 
pressure.  The  arctic  high  itself,  on  the  contrary,  should  lie  lessened  in  the  winter,  since  despite 
the  fact  that  the  Arctic  Basin  Is  almost  completely  covered  with  ice,  it  nevertheless  transmits  to 
the  atmosphere  a considerable  amount  of  heat  in  the  winter  during  formation  of  additional  ice  lay- 
ers. In  the  summer  on  the  other  hand,  the  arctic  high  should  to  all  appearances  join  up  with  the 
Green  kind  high  and  occupy  a greater  <*xf>a/nsc 

Figures  1 ,5~  to  1,)r>  show  the  seasonal  distributions  and  in  figure  166  the  annual  distribution  of 
atmospheric  pressure  over  the  Arctic  Basin.  These  charts  were  compiled  by  Dzerdzeyevski  as  the 
average  for  16.17  to  1916  Three  years  Is  too  short  a period  to  permit  us  to  ascribe  climatologic 
significance  to  these  maps  Their  advantage  lies  in  the  fact  that,  itt  contrast  to  other  maps,  they 
are  based  on  actual  observations  in  the  central  arctic,  made  by  the  station  "North  Pole”  and  the 
Icebreaker  S ■ nv  . 
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Figure  162.  Average  atmospheric  pressure  for  September  through 
November,  1937  to  1939. 


From  these  maps  it  is  evident  that  on  the  average,  over  the  entire  year,  the  Arctic  high  is 
sufficiently  defined  and  is  separated  from  the  East  Siberian  high  by  a belt  of  low  pressure  joining 
the  Iceland  and  Aleutian  lows. 

In  summer,  however,  contrary  to  expectations,  an  area  of  low  pressure  is  clearly  marked  in 
the  region  extending  from  the  Pole  towards  the  New  Siberian  Islands. 

But  the  distribution  of  atmospheric  pressure  determines  the  general  circulation  of  ice.  If  the 
position  of  highs  and  lows  varies  from  season  to  season,  the  circulation  of  ice  and  its  general  be- 
havior also  varies  in  accordance. 

Anomalies  in  distribution  of  pressure  have  a still  greater  practical  importance  for  the  quan- 
tity and  distribution  of  ice  along  the  course  of  the  Northern  Sea  Route.  One  of  the  maps  of  pres- 
sure anomalies  compiled  by  Kirsh  at  my  request  is  shown  further  in  figure  193. 

LITERATURE;  70,  72,  77. 
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Section  151.  Atmospheric  Turbulence 

Maps  of  pressure  distribution  (five  us  an  Idea  of  the  direction  and  intensity  of  winds,  while 
maps  of  pressure  anomalies  show  the  deviations  from  average  conditions. 

But  when  we  average  the  data  for  any  particular  time  interval,  we  thereby  exclude  nil  varia- 
tions of  the  observed  factor  In  the  same  value  but  with  opposite  sign.  Thus,  measuring  the  factors 
of  sea  currents  at  one  particular  geographical  point  of  the  sea  and  then  adding  up  the  results,  we 
automatically  exclude  all  periodic  currents,  and,  In  particular,  tidal  currents.  These  very  tidal 
phenomena,  however,  may  be  reflected  in  a most  decided  fashion  on  sea  behavior  and  on  ice  con- 
ditions.* The  same  reasoning  may  obviously  be  applied  to  the  atmosphere.  For  Ihe  study  of  ice 
behavior  as  conditioned  by  winds,  it  is  necessary  to  know  not  only  the  direction  and  intensity  of 
winds  but  also  their  variability  in  time. 


The  study  of  wind  roses  may  be  employed  for  solution  of  this  problem.  Hut  it  is  difficult  to 
translate  the  wind  roses  into  figures  which  may  bo  manipulated  in  the  future.  Besides,  wind  roses 
which  are  constructed  for  shore  stations  may  have  little  resemblance  to  the  wind  roses  for  the 
same  time  interval  constructed  for  even  the  nearest  points  of  the  open  sea.  It  is  well  known  that 
winds  are  distorted  by  local  conditions.  I have  therefore  preferred  to  use  a different  method,  as 
follows,  recalling  that: 

1.  Atmospheric  pressure  is  a meteorological  factor  which  is  most  simply  and  accurately 
determined  by,  and  at  the  same  time  least  dependent  on  local  conditions. 

2.  All  other  meteorological  factors  are  either  connected  with  pressure  or  depend  on  it 
directly,  which  is  why  the  isobars  are  the  basic  lines  on  a synoptic  map. 

3.  A sharp  change  in  pressure  always  brings  about  a sharp  change  in  the  weather,  and  in 
particular,  a change  in  direction  and  velocity  of  wind.  I have  conjectured  that  we  may  assume  that 
a pressure  change  at  any  geographical  point  is  an  index  of  variability  of  weather,  or  in  other  words 
an  index  of  atmospheric  turbulence. 

Let  us  suppose  that  on  the  barograph  record  at  moment  t j we  have  a pressure  p j,  and  at 
moment  t -t  a pressure  p2.  l.et  us  call  a the  straightline  distance  between  points  on  the  barograph 
tape  defined  by  the  coordinates  t j and  p j and  the  coordinates  t2  and  p2<  Let  us  suppose  now  that 
the  atmospheric  pressure  at  the  given  point  of  the  earth's  surface  has  changed  from  moment  tj  to 
moment  r 2 not  in  a straight  line,  but  in  a more  or  less  complex  curve.  Using  a curve  measuring 
instrument,  let  us  take  from  the  barograph  record  the  length  of  this  curve  in  the  same  scale  as 
straight  line  a , and  call  it  b.  The  ratio  b/a  = k will  be  the  index  of  atmospheric  turbulence**  at  the 
given  point  for  the  given  time  interval.  Obviously  this  index  is  not  less  than  1. 


•A  theory  of  turbulence  of  sea  in  the  same  sense  as  we  here  speak  of  turbulence  of  the  atmos- 
phere has  not  as  yet  been  propounded,  but  it  should  by  all  means  be  put  forward.  Here  we  may  note 
only  that  the  wind-caused  turbulence  of  the  sea  is  in  part  characterized  by  atmospheric  turbulence 
while  tidal  agitation  is  characterized  by  the  length  of  the  orbit  ofaparticle  for  the  tidal,  phase,  etc. 

“(Editor's  Note- -perhaps  "index  of  large-scale  variability  in  pressure"  would  lie  abetter  phrase 
here  since  turbulence  in  a meteorological  sense  refers  to  the  irregular  local  transitory  variations 
in  the  general  airflow  and  is  manifested  as  gustiness,  bumpiness,  updrafts  and  downdrafts). 
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If  we  plot  on  n geographical  map  the  Indices  of  atmospheric  turbulence  for  the  same  time  In- 
terval but  for  different  points  of  the  earth's  surface,  and  if  we  draw  the  appropriate  isolines,  we 
will  then  obtain  the  characteristics  of  individual  regions  for  various  months,  seasons,  and  years. 

It  Is  not  difficult  to  see  that  if  we  take  an  Individual  cyclone,  during  the  time  of  its  passage 
we  will  find  the  greatest  atmospheric  turbulence  along  the  course  of  its  center.  Generalizing 
further,  we  may  say  that  the  indices  of  turbulence  are  greater  along  cyclone  paths  than  along  anti- 
cyclone paths,  since  cyclones  move  faster  than  anticyclones  and  the  pressure  gradients  in  them  are 
greater.  Further,  in  seasonal  pressure  regions  the  turbulence  is  greater  than  in  permanent  re- 
gions. The  latter  fact  must  be  particularly  emphasized.  In  stationary  cyclones  and  anticyclones  no 
matter  how  great  the  pressure  gradients  (and  consequently  the  winds),  the  indices  of  turbulence  are 
very  close  to  unity,  that  is,  to  their  least  possible  value.  The  index  of  atmospheric  turbulence 
attains  its  greatest  value  at  points  of  intersection  of  the  paths  of  pressure  system  centers. 

Thus,  while  the  averaged  charts  of  isobars  give  a conception  of  the  direction  and  intensity  of 
air  currents,  maps  of  "isoturbulence"  of  atmosphere  which  are  constructed  for  the  same  time  in- 
terval given  us  give  us  an  idea  of  the  variability  of  these  currents. 

Individual  phases  of  ice  behavior  depend  in  the  highest  degree  on  the  winds.  If  strong  and 
variable  winds  of  diverse  directions  prevail  in  the  pre-winter  period,  we  may  then  expect  a strong 
wind-caused  mixing  of  the  upper  sea  layers  in  this  period,  and  as  a result,  a later  start  of  ice 
formation  and  massive  ice  up  to  the  start  of  melting.  If  a frequent  change  of  wind  velocity  and 
direction  takes  place  in  the  melting  period,  we  may  expect  a comparatively  early  and  complete 
removal  of  ice  from  the  given  sea  area.  In  other  words,  for  navigation  in  the  arctic,  most  advan- 
tageous are:  least  possible  turbulence  of  atmosphere  in  pre-winter  and  winter  periods  and  most 
possible  turbulence  in  pre-navigational  period  From  this  arises  the  possibility,  in  my  opinion, 
of  using  the  theory  of  atmospheric  turbulence  for  long-term  ice  forecasts. 

The  above-described  method  of  computation  is  extremely  cumbersome  and  can  be  adopted  only 
in  special  cases  and  for  special  observations.  For  the  answer  to  practical  questions  we  may  assume 
that  the  atmospheric  turbulence  is  characterized  by  the  average  dally  variation  in  atmospheric  pres 
sure  for  the  10-day  period,  month,  season,  or  year.  Since  synoptic  maps  are  most  completed  com- 
piled in  the  weather  bureau  for  7 o'clock  in  the  morning,  it  is  therefore  most  convenient  in  practice 
to  consider  as  the  pressure  change  for  the  day.  the  pressure  change  from  7 o'clock  of  the  preceding 
day  to  7 o'clock  of  the  given  day.  * 

As  an  example,  table  113  shows  the  barometric  observations  of  certain  polar  stations  for  1334 
to  1935  (compiled  by  the  author). 

Examining  table  113.  we  see  that  the  minimum  monthly  turbulence  was  observed  on 
Chetyrvokhstolboboi  Island  in  June  1936  and  was  equal  to  2.  9 mb/day,  while  the  maximum  was  ob 
served  in  Yogorski  Shar  Straits  in  December  1934.  and  was  equal  to  2.9  mb/day.  while  the  maxi- 
mum was  observed  in  Yogorski  Shar  Straits  in  December  1934.  and  was  equal  to  9. 2 mb/day  It  is 
obvious  that  the  turbulence  may  be  greater  in  certain  few  10  day  periods.  Thus,  in  the  third  10  day 
period  of  December  1934.  the  turbulence  in  Tikhaya  Bay  was  up  to  12  mb/day.  while  from  25  to  26 
October  1934  the  pressure  at  the  same  station  changed  quickly  by  30  6 mb  which  was  accompanied 
by  a southwest  wind  of  16  m /second 

♦Obviously,  to  obtain  such  a conventional  index  of  atmospheric  turbulence  for  a longer  period 
(10  days,  month,  season,  year,  etc.),  we  must  add  the  absolute  daily  pressure  changes  and  then 
divide  the  sum  obtained  by  the  number  of  days 


TABLE  113  CONVENTIONAL  INDEX  OF  ATMOSPHERIC  TURBULENCE  (MB/DAY) 


Month  and 

Year 

Name  of  Station 

Tikhaya 

Bay 

Yugorski 

Shar 

Ma  resale 

Dickson 

Island 

Cape  Chely- 
uskin 

Tiksi 

Bay 

Chety  ryokh- 
stolbovoi 

Is. 

Sept. 

1934 

5.3 

5.5 

5.6 

4.7 

4.9 

Ml 

4.4 

Oct. 

1934 

7.0 

6.6 

6.3 

7.2 

6.5 

6.1 

5.1 

Nov. 

1934 

6.3 

7.1 

5.6 

6.7 

4.  7 

4.2 

Dec. 

1934 

8.5 

9.2 

7.6 

7.7 

5.  9 

5.2 

Jan. 

1935 

7.7 

8.2 

6.5 

5.9 

7.6 

Feb. 

1935 

5.7 

5.3 

7.3 

6.0 

6.2 

Mar. 

1935 

ij 

7.4 

6.8 

5.6 

4.9 

4.1 

4.8 

Apr. 

1935 

6.0 

5.8 

4.8 

4.0 

4.0 

3.2 

May 

1935 

4.7 

6.9 

8.0 

7.4 

4.5 

4.6 

4.0 

June 

1935 

3.6 

4.8 

5.0 

4.8 

3.8 

4.7 

2.9 

July 

1935 

3.8 

3.7 

3.3 

5.5 

4.3 

3.8 

4.0 

Aug. 

1935 

4.7 

3.9 

3.9 

4.7 

4.0 

4.9 

4.0 

Year 

5.6 

6.2 

6.0 

6.1 

! 

5.  0 

4.8 

4.6 

The  average  yearly  computation  of  atmospheric  turbulence  varies  still  less  from  point  to 
point:  from  4.6  mb/day  on  Chety ryokhstolbovoi  Island  to  6.2  mb/day  in  Yugorski  Shar  Straits. 

The  data  of  the  above  table  pertains  to  only  one  year.  We  may  nevertheless  observe  that  the 
atmospheric  turbulence  is  greater  at  stattons  west  of  Cape  Chelyuskin  than  at  stations  east  of  it, 
which  fits  perfectly  into  our  conception  of  the  agitating  effect  of  Atlantic  water.  Further  indication 
is  the  fact  that  at  all  the  stations  shown,  the  minimum  atmospheric  turbulence  was  observed  in  the 
summer  (June  to  September);  the  maximum  in  the  winter  (December  to  February). 

Figure  167  shows  the  curve  of  the  seasonal  pattern  of  monthly  many-year  indices  of  atmos- 
pheric turbulence  on  Dickson  Island  which  I have  computed  for  the  time  Interval  from  1916  through 
1938.  It  is  clear  from  the  figure  that  the  curve  has  two  minimums.  The  first,  or  smallest, 
occurs  in  January.  In  the  Dickson  region  at  this  period,  due  to  the  homogenity  of  the  underlying 
surface  (ice)  and  the  absence  of  daily  temperature  change  (polar  night),  more  or  less  calm  atmos- 
pheric conditions  are  created.  The  second  and  considerably  deeper  minimum  comes  in  July, 
which  is  likewise  explained  by  homogenity  of  conditions — water  surface  free  of  ice  and  polar  day. 

In  comparing  data  from  individual  years  with  the  many  year  seasonal  pattern  of  turbulence, 
it  appears  that  the  general  pattern  of  variability  is  basically  preserved,  but  phase  displacements 
are  observed  in  individual  years,  and  this  is  reflected  to  a certain  degree  in  ice  conditions. 

As  has  already  been  noted,  after  the  indices  of  atmospheric  turbulence  for  the  1 day  period, 
month,  season,  or  year  have  been  computed  and  plotted  on  the  geographical  map,  we  may  draw 
the  isolines  of  turbulence  according  to  the  data  obtained.  I have  done  this  for  the  seas  of  the 
Soviet  Arctic  for  June  and  July  of  1939  (figures  168  and  169). 
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Figure  169.  Isolines  of  atmospheric  turbulence  In  July  1939. 


In  June  the  greatest  atmospheric  turbulence  was  observed  in  the  Kara  Sea.  Consequently,  in 
this  month  the  paths  of  pressure  system  centers  in  the  main,  intersected  here.  In  July  the  atmos- 
pheric condition  was  considerably  quieter;  the  maximum  turbulence  was  observed  at  Franz  Joseph 
Land,  the  minimum  by  Chaunskaya  Guba. 

Obviously,  the  more  fully  developed  the  net  of  meteorological  stations  in  the  given  region  and 
the  less  the  time  intervals  between  pressure  measurements  which  are  used  for  computing  atmos- 
pheric turbulence,  the  more  accurate  will  be  the  results  obtained.  Thus,  if  we  compute  atmos- 
pheric turbulence  according  to  pressure  observations  for  four  fixed  times,  we  observe  the  effect  of 
fast  moving  pressure  systems  which  might  be  missed  in  computing  turbulence  by  daily  pressure 
changes. 

It  must  be  noted  that  the  theory  of  atmospheric  turbulence,  particularly  in  its  application  to 
calculating  changes  in  ice  conditions  and  for  ice  forecasts,  is  a new  undertaking  and  we  have  there- 
fore not  yet  obtained  all  the  results  which  it  may  provide.* 

LITERATURE;  69,  77,  151a. 


♦During  proofreading  of  this  book,  at  the  insistance  of  Dzerdzeyevski,  I became  acquainted 
with  the  interesting  article  of  Sigurd  Evjen,  "Barometric  Fluctuations  and  Long-term  Forecasts", 
which  I had  unfortunately  not  seen  until  then. 

The  propositions  which  I have  set  forth  here  coincide  fully  with  those  of  Evjen  with  only  this 
difference,  that  Evjen  operates  with  totals  of  turbulence,  while  I divide  these  totals  by  the  number 
of  items  and  thus  obtain  an  index  of  turbulence.  Further,  Evjen  considers  it  possible  to  use  the 
observed  atmospheric  turbulence  for  forecasts  of  6 to  7 and  more  days  ahead.  I consider  it  possi- 
ble from  the  atmospheric  turbulence  over  the  preceding  period  to  judge  the  ice  condition  at  the 
present  moment. 


a 
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Section  152.  Variation  in  Ice  Circulation  From  Year  to  Year 

The  distribution  of  atmospheric  pressure  over  the  earth  and  In  purtlculnr  over  the  Arctic 
Basin  varies  not  only  from  season  to  season,  but  nlso  from  yenr  to  yenr.  In  connection  with  this, 
the  Ice  circulation,  which  Is  determined  by  the  pressure  pattern  likewise  varies  from  year  to  yenr, 
and  within  fairly  large  limits. 

At  my  request,  Somov  traced  the  drift  of  arctic  Ice  for  1937  and  1938,  basing  his  work  on  the 
rules  which  I have  derived,  that  Is,  that  Ice  moves  along  the  isobars  nnd  with  a speed  Inversely  pro- 
portional to  the  distance  between  Isobars.  The  results  of  these  calculations  are  shown  In  figures 
170  and  171. 


Figure  170.  Computed  drift  of  arctic  Ice  In  1937. 


The  small  circles  on  these  charts  show  the  positions  (for  both  years)  on  1 January  of  Individual 
floes  whose  movements  were  subsequently  traced.  Their  drifts  were  then  computed  from  the 
monthly  pressure  maps  by  consecutive  vectors. 

It  goes  without  saying  that  the  maps  which  are  shown  must  be  considered  as  extremely  rough 
approximations.  In  compiling  them  no  nccount  was  tnken  of  permanent  currents  nor  of  the  effect  of 
land  and  Islands  on  the  wind-caused  drift  of  Ice.  Nevertheless  these  maps  at  least  give  some  Idea  of 
the  fact  that  the  transfer  of  Ice  Into  Greenland  Sea  was  greater  In  1937  than  In  1938. 
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Figure  171.  Computed  drift  of  arctic  ice  in  1938. 


But  the  main  thing  which  these  maps  show  is  that  there  can  be  no  question  of  any  simplified 
diagram  of  ice  movement  according  to  the  principle  of  shortest  distances.  On  the  contrary,  it 
must  be  assumed  that  in  the  Central  Arctic  Basin  there  is  a complex  system  of  circular  movement, 
subject  to  considerable  variations  both  in  time  and  in  the  area  over  which  movement  occurs.  This 
very  complexity  of  the  drift  diagram  (especially  its  variability  in  time)  is  responsible  for  the 
appearance  of  areas  of  hummocking  and  thinning,  areas  of  stagnation  and  areas  of  increased  drift 
speed. 

The  observed  dependence  of  ice  drift  in  the  Arctic  Basin  on  distribution  of  atmospheric  pres- 
sure permits  us  to  elaborate  our  conceptions  of  the  nature  of  currents  in  this  basin.  The  general 
scheme  of  atmospheric  circulation  over  the  Arctic  Basin  is  such  that  it  guarantees  an  ice  movement 
(in  the  greater  part  of  the  basin)  in  the  direction  of  the  Greenland  Sea.  The  ice  circulation  sets  in 
movement  the  surface  layers  of  water  which  lie  under  the  ice.  The  effect  of  the  wind  over  the 
whole  area  of  the  Arctic  Basin  is  responsible  for  a surface  current  which  is  strengthened  in  the 
Greenland  Sea  by  the  prevailing  north  winds. 

The  water  deficit  in  the  Arctic  Basin  (which  arises  in  connection  with  the  northerly  winds) 
intensifies  the  deep  Atlantic  current,  which  is  formed  as  a convection  current  and  a drift  current, 
and  apparently  transforms  it  to  a considerable  degree  into  a compensation  current. 

As  may  be  seen  from  figures  162  to  166,  the  nature  of  the  atmospheric  circulation  may  vary 
from  season  to  season  in  such  a way  that  intensification  of  drift  may  involve  only  separate  scattered 
area.  For  example,  the  increased  transfer  of  ice  out  of  the  region  adjacent  to  the  Bering  Strait 
may  correspondingly  increase  the  amount  of  water  entering  the  Bering  Sea,  but  may  not  be  reflected 
on  an  increased  transfer  of  ice  into  Greenland  Sea  and  increased  entry  of  Atlantic  water. 
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It  has  already  been  shown  that  the  water  exchange  of  the  Arctic  Basin  and  the  Greenland  Sea  is 
determined  by  many  factors:  positive  fresh  water  balance,  difference  of  densities,  etc.  But  the 
determining  factor  is  undoubtedly  the  transfer  of  ice  from  the  Arctic  Basin  into  the  Greenland  Sea 
and  the  water  deficit  in  the  Arctic  Basin  which  is  due  to  this  ice  transfer. 

In  other  words,  the  basic  factor  responsible  for  the  general  circulation  of  arctic  ice  is  the 
nature  and  intensity  of  atmospheric  circulation  over  the  Arctic  Basin  and  over  the  basins  of  the 
World  Ocean  adjacent  to  it. 

LIT  K It  AT  UR  K:  l>7,  70,  72,  77,  122. 


Section  153.  Ice  Circulation  in  the  White  Sea* 

In  respect  to  its  geographic  position,  shape,  ixtttom  topography  and  other  features,  the  White 
Sea  occupies  quite  a peculiar  place  among  the  northern  seas  of  the  Soviet  Union. 

The  distinguishing  feature  of  the  White  Sea  is  the  separation  of  its  deep  part  (basin),  with 
depths  up  to  3-40  m,  from  the  Barents  Sea  by  a long,  narrow  and  shallow  strait  (neck).  This  fact 
makes  the  White  Sea  a sea,  in  the  full  sense  of  the  word,  in  contrast  to  the  other  seas  of  the  Soviet 
Arctic. 

In  the  neck  of  the  White  Sea,  in  the  region  of  Three  Islands  a very  narrow  (about  I to  2 miles) 
trough  over  40  m deep  connects  the  deeper  parts  of  the  White  and  Barents  Seas.  The  distance 
between  20  m isobaths  here  is  also  extremely  small  (about  S miles).  In  addition,  in  the  same 
region,  approximately  to  the  east  of  the  42nd  meridian,  there  are  a number  of  low,  rocky  islands. 
Ice  accumulations  form  on  these  islands  in  the  winter,  and  floating,  detached  hummocks  (nesiak) 
adhere  to  them.  In  this  manner,  to  the  east  of  Terski-Orlovski  Cape  an  obstacle  is  created  to  ice 
movement,  both  wind-caused  movement  and  movement  resulting  from  currents.  This  is  particu- 
larly noticeable  in  the  spring.  Here  the  ice  remains  longest  and  hinders  navigation  at  a time  when  ice 
has  already  disappeared  in  the  basin  and  neck  of  the  White  Sea. 

Figure  172  shows  the  condition  of  ice  in  the  neck  of  the  White  Sea,  illustrating  the  above 
(data  from  air  reconnaissance  made  on  14  April  1943).  All  the  remainder  of  the  White  Sea  was 
practically  free  of  ice. 

The  next  distinguishing  feature  of  the  White  Sea  is  the  strong  tides,  thanks  to  which  even 
Onega  Bay,  which  is  separated  from  the  basin  by  the  ridge  of  the  Solovetskya  Ostrova,  and  which  is 
shallow  and  has  a great  number  of  coastal  islands,  does  not  freeze  up  completely  even  in  severe 
winters. 


*The  White  Sea,  small  in  size  and  capable  of  being  covered  by  air  reconnaissance  in  several 
hours,  is  an  amazingly  convenient  field  for  all  sorts  of  observations  of  the  dynamics  and  heat  budget 
of  the  ice  cover.  Systematic  observations  of  this  sort  were  begun  in  1941  and  1942,  and  there  is  no 
doubt  that  the  results  of  these  observations  may  be  applied  to  (he  ice  of  the  arctic  seas.  This  fact 
is  partly  responsible  for  the  insertion  of  a special  paragraph  into  the  present  I took. 
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Figure  172.  Ice  distribution  in  the  White  Sea,  14  April  1943. 


In  figure  104  we  showed  the  ice  conditions  in  the  White  Sea  on  17  to  18  April,  1942.  Com- 
paring figures  104  and  172,  which  show  approximately  Identical  dates  of  the  year,  we  see  a striking 
difference  in  the  Ice  conditions.  In  the  first  case  almost  the  entire  sea  was  filled  with  ice,  in  the 
second  there  is  hardly  any  ice.  I will  subsequently  return  to  the  question  of  variability  of  ice 
behavior. 

The  winter  of  1941-42  was  in  general  unusually  severe  in  the  White  Sea,  and  the  possibility  of 
navigation,  even  for  powerful  icebreakers,  was  determined  for  the  most  part  by  synoptic  conditions. 
The  following  example  is  descriptive. 

By  13  January  the  Ftnno-Scandtnavian  high  pressure  cell  developed  in  the  north  of  the  Euro- 
pean part  of  the  USSR,  and  the  Ob  low  over  the  basins  of  the  Ob  and  Yenisei  Rivers.  As  a result  of 
such  a distribution  of  pressure  centers,  strong  northerly  winds  prevailed  overthe  basin  of  the  White 
Sea,  attaining  a force  of  6 to  7 (0700,  18  January).  As  a result,  an  edge  of  heavy  ice  descended  in 
the  neck  of  the  White  Sea  almost  to  the  parallel  of  the  Ponoi,  proceeded  approximately  along  the 
middle  of  the  neck  and  thence  into  the  basin  Itself,  descending  almost  to  the  Solovetskya  Ostrova. 

The  whole  of  the  Dvina  Bay  was  stopped  up  with  such  hummocked  and  compressed  ice  that 
even  such  a powerful  icebreaker  as  the  ten  in  was  practically  unable  to  move  in  the  southern  part 
of  Dvina  Bay . 

Reports  of  about  the  same  nature  were  received  from  the  Icebreakers  Sib  ir yah ov  and 
Lit> it’  which  were  at  that  time  in  the  White  Sea  near  the  Letni  shore. 
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Figure  173  shows  the  distribution  of  Ice  In  the  White  Sea  from  air  reconnaissance  made  on 
17  February  1942.  These  Ice  conditions  were  created  as  a result  of  south  and  southeast  winds  which 
prevailed  over  the  White  Sea  from  about  25  January,  when  a strong  anticyclone  prevailed  with  Its 
center  over  the  Ural  region  and  affecting  a great  part  of  European  USSR. 

Starting  27  January,  the  Icebreaker  L on  in  had  the  same  task  as  for  the  period  from  12 
through  18  January--to  bring  out  vessels  stuck  in  the  Ice  of  Dvina  Bay.  What  had  been  very  difficult 
for  the  Len  in  from  12  through  18  January  was  easily  accomplished  over  the  period  29  January  to 
4 February.  During  this  period  the  Icebreaker  reached  65°  36'  north.  39°  05'  east. 

From  these  examples  we  may  see  what  an  effect  the  wind  has  on  the  distribution  of  Ice  In  the 
basin  of  the  White  Sea  and  its  bays,  and  to  what  extent  navigation  of  even  powerful  icebreakers  in 
this  sea  is  affect  by  the  winds. 

Figure  174  shows  the  drift  of  the  steamship  Soroka  (solid  line),  from  16  December  1941 
from  the  fast  Ice  at  Molotovsk  to  8 January  1942  at  66°  09'  north,  41°  00'  east.  Also  the  drift  of 
the  trawler  T-60  (dotted  line)  from  1 through  5 January  1942,  going  from  65°  52’  north,  38°  45' 
east  to  67°  06'  north,  41°  30'  east.  Both  of  these  drifts,  one  along  the  Zlmni  shore  and  the  other 
along  the  Terskl  shore,  occurred  with  south  winds. 


Figure  174.  Drift  p/x  Soroka  from  16  December  1941  to  8 January  1942 
and  the  trawler  T-60  from  1 to  5 January  1942. 


Figure  1 75  shows  the  averaged  isobars  from  1 through  5 January  1942.  We  find  a very  good 
coincidence  of  isobar  directions  and  drift  directions.  It  must  only  be  emphasized  that  such  a con- 
currence of  directions  of  drifts  and  isobars  results  from  the  fact  that  the  ice,  in  the  course  of  its 
drift  along  the  isobars,  did  not  encounter  obstacles  (shores,  islands  and  fast  ice). 

If  we  examine  carefully  the  drift  of  the  trawler  T-60,  we  see  that  the  ice  moved  not  only 
under  wind  influence,  but  also  under  influence  of  the  tidal  currents,  describing  closed  curves  for 
the  most  part  clockwise.  In  order  to  exclude  the  effect  of  tidal  phenomena,  let  us  take  a portion  of 
the  drift  from  00  hours  on  2 January  to  0230  on  4 January,  comprising  50  hours,  or  in  other  words, 
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Figure  175.  Averaged  isobars  over  the  White  Sea  from  1 through  5 January  15)42. 


I 


two  lunar  days.*  During  this  time  the  trawler  drifted  parallel  to  the  axis  of  the  neck  of  the  White 
Sea,  approximately  northeast  for  a distance  of  about  40  miles,  i.  e. , with  a speed  of  about  0.  8 
knots  or  nbout  15  km  per  hour. 

As  has  already  boon  noted,  at  this  period  the  isobars  were  extended  along  the  axis  of  the  neck, 
and  the  distance  between  isobars,  drawn  at  intervals  of  1 mb,  was  on  the  average  about  15  km. 

Considering  that  the  drift  is  directly  proportional  to  wind  velocity  which  itself  is  inversely 
proportional  to  the  distance  between  isobars. 

we  obtain 


c x 


(1) 


♦The  author  evidently  ignores  the  additional  30  minutes  - Translator. 
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where  c = speed  of  drift  In  km/hr 


a 


x - distance  In  kilometers  between  isobars  drawn  at 
intervals  of  1 mb 


A = coefficient  of  proportionality. 


Subtracting  in  equation  (1)  the  values:  c = 1.  5 km/hr  = 36  km/day  = 1,  080  km/month,  and 
x = 15  km,  we  obtain  the  following  value  for  the  coefficient  A •. 


c (km/month)  = 16,200—  (mb/km) 


(2) 


We  recall  that  from  analysis  of  the  drift  of  the  icebreaker  Sedov  , I obtained  the  following 
equation: 


AP 


c(km/month)  = 13,000^;  (mb/km) 


(3) 


Comparing  equations  (2)  and  (3)  we  see  that  their  numerical  coefficients  are  extremely  close 
and  differ  only  within  the  limits  of  accuracy  of  the  corresponding  measurements. 


For  a sea  such  as  the  White  Sea,  it  is  more  convenient  to  use  not  equation  (2)  but  the 
following: 


A P 


c (km/day)  = 540—  (mb/km) 

A.r 


If  we  assume  that  the  speed  of  ice  drift  is  the  same  along  the  whole  width  of  the  neck  (approxi- 
mately 46  km),  we  then  find  that  the  size  of  the  ice  area  carried  out  of  the  neck  of  the  White  Sea  per 
day  for  the  period  under  consideration  is  as  follows: 


2 2 
q (km  /day)  = 46  km 


AP 


c (km/day)  = 25,000  — (mb/km)* 


(5) 

(6) 


Equation  (3) , (4) , and  (5)  refer  to  a case  when  the  isobars  run  parallel  to  the  axis  of  the  neck 
of  the  White  Sea,  But  the  isobars  may  run  in  various  directions  and  may  intersect  the  neck  at  var- 
ious angles.  For  the  general  case  we  may  write  as  an  approximation 


A p 


c (km/ day)  = 540  cos  0 (mb/km) 


(7) 


2 A P 

g(km  /day)=  25,000  cos  0 — (mb/km) 


(8) 


where  0 = angle  between  direction  of  isobar  and  axis  of  the  White  Sea  If  the  area  of  increased 
atmospheric  pressure  is  east  of  the  neck  of  the  white  Sea,  then  angle  0 is  considered  positive,  if 
it  is  west  of  the  neck,  negative. 


•Editor's  Note:  Undoubtedly  equations  (5)  and  (6)  should  be 


q (Rm  /day)  = 460  (5) 


q(Rm  /day)  = 25,  000  / .r  (mb/Rm)  (6) 
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It  Is  clear  that  if  we  employ  a certain  average  thickness  for  the  ice  carried  out,  we  will  then 
obtain  its  volume  by  the  equation: 


V (km3/day)  = h (km)  xq  (km2/day)  ^ 

From  the  example  chosen  we  see  how  great  is  the  importance  of  the  neck  in  the  ice  behavior 
of  the  White  Sea.  In  the  winter  season,  and  especially  in  the  second  half  of  winter,  southerly  winds 
prevail  here,  in  particular  as  follows:  In  Dvina  Bay  from  December  through  April,  southeasterly; 
in  Mezen  Bay,  southerly  with  slight  deviation  to  the  east;  in  Onega  Bay,  southeasterly;  in  the  basin 
and  neck,  southwesterly.  Such  a wind  regime  results  from  the  synoptic  situation  which  prevails 
during  the  winter  in  the  regions  adjacent  to  the  White  Sea,  namely,  an  area  of  increased  pressure 
located  in  the  region  to  the  north  of  the  Caspian  Sea,  and  Icelandic  lows  passing  along  the  southern 
part  of  the  Barents  Sea. 

As  we  see,  the  normal  winter  wind  regime  favors  the  transfer  of  ice  out  of  the  White  Sea 
through  the  neck  and  out  of  Mezen  Bay  into  the  Barents  Sea  where  the  ice  melts  away.  At  the  same 
time  the  north  winds  do  not  carry  new  ice  into  the  White  Sea,  because  before  the  month  of  April 
(when  melting  has  already  begun  in  the  White  Sea  proper)  there  is  not  yet  any  ice  in  the  regions  of 
Barents  Sea  adjacent  to  the  neck.  The  role  of  these  winds  is  therefore  confined  to  redistribution  of 
the  ice,  its  thickening  and  hummocking. 

Returning  to  equations  (6)  and  (7) , we  see  that  when  the  isobars  are  not  parallel  to  the  axis  of 
the  neck,  the  ice  in  its  movement  should  drift  into  the  shore  or  the  fast  ice  and  should  form  hum- 
mocks. Obviously,  if  we  have  a stationary  isobars  for  a certain  interval  of  time,  there  should  re- 
sult a more  or  less  steady  movement  and  distribution  of  ice. 

Let  us  suppose,  for  example,  that  over  the  entire  White  Sea  the  isobars  run  from  southwest  to 
northeast,  that  is,  parallel  to  the  axis  of  the  neck,  which  as  we  have  seen,  is  the  most  natural  con- 
dition for  the  winter  months.  With  isobars  in  such  a position,  the  ice  should  drift  from  Onega  Bay 
into  the  basin  and  from  the  south  shores  of  Kandalaksha  Bay  and  Dvina  Bay  towards  the  northern 
shore.  Only  the  ice  which  is  carried  out  of  Onega  Bay  between  Zhizhglh  Island  and  Solovetskya 
Ostrova  moves  directly  into  the  neck  of  the  White  Sea.  The  ice  located  east  of  Zhizhgih  Island, 
approaching  Zimnegorski  Cape,  divides  into  two  parts;  one  goes  into  the  neck,  the  other  partially 
hummocks,  partially  drifts  south  along  the  Zimni  shore.  On  the  other  side  the  ice  which  is  carried 
out  of  Onega  Bay  between  Solovetskya  Ostrova  and  the  Karelian  shore  (an  extremely  small  drift, 
incidentally)  and  the  ice  which  drifts  from  the  Karelian  shore  along  the  isobars,  both  run  into  the 
Murmansk  shore  and  create  here  massive  hummocks.  Thus,  with  the  isobar  position  as  mentioned, 
along  the  whole  Letni  shore,  along  the  north  shore  of  Solovetskya  Ostrova,  along  the  Karelian 
shore,  along  the  south  shore  of  Kandalaksha  Bay,  and  along  the  Murmansk  shore  a thinning  of  ice 
results  and  in  winter  a substitution  of  new  ice  for  the  old.  On  the  other  hand,  along  the 
Kandalaksha  and  Zimni  shores  the  ice  becomes  more  concentrated  and  its  movement  is  conditioned 
by  wind-driving. 

Actually,  the  ice,  in  its  movement  from  the  south  shores  of  the  White  Sea,  carries  with  it  the 
surface  layer  of  water.  As  a result,  offshore  driving  sets  in  at  these  shores,  which  in  turn  causes 
compensational  currents,  forming,  together  with  the  offshore  currents,  whirlpools  with  horizontal 
and  vertical  axes.  While  the  first  are  not  accompanied  by  horizontal  ice  movements  but  only  by 
hummocking,  the  second,  on  the  other  hand,  cause  a drift  of  ice  sometimes  even  against  the  wind. 

Thus,  the  general  circulation  of  ice  in  the  White  Sea  is  determined  by  synoptic  conditions  and 
is  altered  by  the  configuration  of  shores  and  by  compensational  currents. 
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Basically  the  ice  of  the  White  Sea  is  constantly  being  pushed  out  through  the  neck  of  the  White 
Sea  into  the  Barents  Sea.  This  removal  of  ice  sometimes  increases,  sometimes  decreases,  and 
only  in  rare  instances  ceases  altogether.  In  connection  with  the  constant  removal  of  older  ice, 
along  the  shores  of  the  White  Sea  polynyas  are  constantly  being  formed  and  these  are  covered  over 
with  young  ice  in  the  winter  season.  Thus,  in  the  spring  the  old  ice  (November  and  December 
origin)  may  be  found  only  in  the  most  stagnant  zones  of  this  sea,  namely,  along  the  Zimni  shore 
and  near  Morzhovets  Island. 

LITERATURE:  77. 
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CHAPTER  XIII 

SEASONAL  AND  LONG-TERM  FLUCTUATIONS 
OF  ICE  ABUNDANCE 

Section  154.  Ice  Abundance 

The  quantity  of  ice  cover  in  the  sea  is  a function  of  the  area  occupied  by  ice,  ice  thickness 
and  solidity.  Most  indicative  and  easiest  to  observe  is  the  area  occupied  by  the  ice.  It  is  deter- 
mined either  in  percentages  with  respect  to  the  sea  area,  or  in  tenths. 

Seas  may  be  classified,  firstly,  by  the  origin  of  the  ice  encountered  in  them,  and  secondly,  by 
the  length  of  time  in  which  ice  is  found  in  the  given  region. 

In  respect  to  origin  of  ice,  I divide  the  individual  ice  regions  of  the  World  Ocean  into  the 
following  basic  groups: 

1.  Regions  where  the  ice  is  entirely  or  predominantly  of  local  origin.  Such,  for  example, 
are  the  Barents,  Kara  and  White  Seas. 

2.  Regions  where  the  ice  is  entirely  or  predominantly  not  of  local  origin,  but  is  carried  in  by 
winds  and  currents  from  other  regions.  Thus,  for  example,  is  the  region  south  of  Newfoundland 
where  icebergs  are  constantly  being  carried  which  originated  along  the  shores  of  Baffin  Bay  and 
which  have  consequently  completed  a journey  of  2000  to  3000  km. 

In  respect  to  time  during  which  ice  is  found.  I divide  the  ocean  ice  regions  into  "ice  regions, " 
"freezing  regions, " and  "ice- free  regions."  Ice  regions  are  in  turn  subdivided  into  polar  and  sub- 
polar regions.  In  both  of  these  the  ice  usually  remains  throughout  the  entire  year,  representing  an 
essential  feature  of  the  sea  picture.  In  the  polar  regions,  open  water  never  exceeds  in  area  the 
sea  area  covered  by  ice.  In  other  words,  the  ice  abundance  of  these  regions  is  never  less  than 
one-half.  In  the  subpolar  regions  the  quantity  of  ice  decreases  considerably  in  the  summer  season 
and  in  the  most  favorable  years  it  disappears  completely . 

Freezing  regions  are  completely  cleared  of  ice  in  the  summer  season.  In  respect  to  the  ex- 
tent of  time  in  which  they  are  covered  with  ice  they  are  subdivided  into  freezing  seas  of  greater  and 
lesser  ice  abundance.  To  the  first  group  belongs,  for  example,  the  White  Sea,  where  ice  is  found 
during  more  than  half  the  year.  To  the  second  group  belongs,  for  example,  the  Gulf  of  Finland,  Sea 
of  Azov,  and  the  northern  part  of  the  Caspian  Sea. 

In  ice-free  regions  ice  is  found  only  under  exceptional  conditions. 

The  greatest  anomalies  in  ice  distribution  are  caused  by  ocean  currents.  Figure  176  shows 
the  average  monthly  positions  of  the  ice  edge  in  the  summer  in  the  Greenland  and  Barents  Seas . 
From  the  chart  we  can  see  how  far  north  the  influence  of  the  Spitzbergen  and  Norwegian  currents 
extend. 
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Figure  176.  Average  monthly  positions  of  ice  edge  for  five  summer  months 
(April  to  August)  in  the  Greenland  and  Barents  Seas . 

The  relatively  great  ice  accumulations  (ice  massifs)  in  the  northwestern  parts  of  the  Green- 
land and  Barents  Seas  and  the  more  or  less  broad  expanses  of  clear  water  in  the  southeastern  parts 
are  characteristic  of  the  adjacent  seas  of  the  northern  hemisphere  caused  by  the  cyclonic  movement 
of  surface  water  which  is  usual  in  the  northern  hemisphere.  This  is  due  not  only  to  the  warm 
Atlantic  water  pouring  into  these  basins  from  the  south,  as  occurs  in  the  Greenland  and  Barents 
Seas,  but  also  to  the  fact  that  in  the  southern  parts  of  the  adjacent  seas  the  melting  of  ice  and 
heating  of  water  is  more  intensive. 

The  cyclonic  movement  of  surface  water  and  the  effect  of  the  Coriolis  force  is  seen  also  in 
the  fact  that  along  the  southern  and  eastern  shores  of  straits  there  is  usually  found  an  absence  of 
ice  or  a considerably  lesser  amount  than  along  the  western  and  northern  shores. 

Sometimes  the  effect  of  sea  currents  is  felt  in  a different  manner.  Most  typical  in  this 
respect  is  the  so-called  "northern  water"  of  Baffin  Bay.  Sailing  into  the  northern  part  of  this  bay 
in  the  summer,  very  often  after  several  days  or  even  weeks  of  struggling  with  the  ice,  a large 
expanse  of  clear  water  opens  up,  extending  almost  to  Smith  Sound.  Smith  gave  the  correct  explana- 
tion of  this  phenomenon:  A rather  swift  current  runs  south  from  the  straits,  but  this  cannot  break 
up  the  massive  fast  ice  which  forms  in  the  sound  proper.  However,  all  the  ice  which  forms  south 
of  the  sound  during  the  winter  is  carried  south  by  this  current  until  it  runs  into  the  ice  in  the  central 
part  of  the  bay. 

Thus,  due  to  the  effect  of  sea  currents,  ice-free  regions  may  sometimes  be  located  at  higher 
latitudes  than  ice  regions.  Thus,  for  example,  the  ocean  area  along  the  coast  of  Newfoundland 
(46*  north),  where  Icebergs  are  usually  found  throughout  the  entire  year,  must  be  considered  a 
region  of  sub-polar  ice  abundance.  On  the  other  hand,  the  eastern  part  of  the  Greenland  Sea,  where 
due  to  the  effect  of  the  warm  Spltzbergen  current  ice  is  only  occasionally  found  at  any  time  of  the 
year  right  up  to  80"  north,  must  be  considered  an  ice  free  region. 

The  example  cited  is  not  unique.  Even  in  various  regions  of  the  same  sea  we  sometimes  find 
different  types  of  ice  abundance.  Barents  Sea  is  a typical  example  in  this  respect:  The  region  of 
the  sea  south  of  75*  north  and  west  of  40°  east  approximately,  is  an  ice-free  region;  the  region 
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south  of  75“  north  and  east  of  40“  east  Is  a region  of  sub-polar  Ice  abundance,  while  north  of  75“ 
but  east  of  40“  is  a region  of  polar  ice  abundance. 

Figure  177  shows  the  position  of  the  ice  edge  in  the  Greenland  and  Barents  Seas  In  May  J.036, 
according  to  observations  of  Soviet  vessels,  while  figure  178  shows  the  position  in  October  to 
December  of  the  same  year. 


Figure  178.  Ice  conditions  in  the  Greenland  and  Barents  Seas, 
October  to  December  1936. 


LITERATURE:  62,  77,  85,  171. 


Section  155.  Seasonal  Fluctuations 

Figure  176  showed  the  average  many-year  positions  of  the  ice  edge  in  the  Greenland  and 
Barents  Seas.  Worthy  of  attention  in  this  figure  are  the  very  slight  shifts  of  the  ice  edge  in  the 
Greenland  Sea  (basically  from  east  to  west  in  the  summer  and  in  the  reverse  direction  in  the 
winter),  and  the  considerable  movements  of  the  ice  edge  in  the  summer  to  the  northeast  in  the 
Barents  Sea. 

Common  to  both  seas  is  the  fact  that  the  ice,  in  the  majority  of  cases,  remains  in  the 
massifs  which  at  the  end  of  the  summer  are  concentrated  in  the  northwest  regions  of  these  seas. 
The  edge  is  here  well-defined,  due  to  the  fact  that  each  individual  floe  which  is  torn  away  from  the 
massif  by  a decompressive  wind  falls  into  the  warm  water  of  the  Spitzbergen  or  Norwegian  current 
and  there  melts  very  quickly.  This  causes  a rapid  reduction  of  the  area  of  ice  which  is  carried 
out  of  the  Arctic  Basin  into  the  Greenland  Sea. 
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Figure  180  shows,  according  to  Brooks  and  Kennell,  the  average  seasonal  variation  in  ice 
abundance  along  the  coast  of  Iceland  for  the  period  1901  to  1924,  as  indicated  by  the  floating  ice 
drifting  south  past  Iceland  along  with  the  East  Greenland  current. 

Figure  181  shows,  according  to  Meeking,  the  average  seasonal  variation  of  floating  ice 
along  the  coast  of  Newfoundland.  The  main  February  maximum  is  caused  here  by  the  movement  of 
ice  from  Davis  Strait  to  this  region.  The  lesser  May  maximum  is  caused  by  floating  ice  likewise 
carried  here  from  Davis  Strait,  but  retarded  in  its  southward  movement  by  the  slower  moving  ice- 
bergs which  are  imbedded  in  the  floating  ice. 


Figure  182  shows  the  average  seasonal  variation  in  the  quantity  of  Icebergs  carried  out  of 
Davis  Strait  into  the  Newfoundland  rogton  as  observed  by  the  International  Ice  Patrol  from  1900  to 
1928. 
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Figure  181.  Seasonal  variations  in  the  quantity 
of  sea  ice  descending  from  the 
north  into  the  region  south  of  New- 
foundland. 


Figure  182.  Average  number  of  icebergs  south  of 
Newfoundland  (upper  curve).  Ice- 
bergs south  of  Grand  Banks,  accord- 
ing to  Smith  (lower  curve).  Ice 
season  lasts  from  middle  of  March 
to  middle  of  July. 


From  the  figures  cited  we  may  clearly  see  the  peculiar  seasonal  variation  of  quantity  of  ice 
carried  by  the  East  Greenland  and  Labrador  currents.  On  all  the  curves,  the  maximum  quantity 
of  ice  falls  in  the  summer  months. 

The  samo  sort  of  picture  may  be  seen  along  the  south  coast  of  Spitzbergon,  where  the  ice 
which  has  formed  In  the  northwest  part  of  the  Barents  Sea  drifts  around  South  Cape  and  then. 
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carried  along  by  the  proper  winds  and  the  Spttzbergen  current,  runs  north  along  the  southwest 
coast  of  Spltzbergen  sometimes  to  Icefjord,  and  beyond.  Such  Ice  here  bears  the  name  of  "southern 
Ice,"* 


Table  114  lists  the  average  long-term  (1900  to  1928)  areas  of  clear  water  In  Barents  Sea  In 
thousands  of  square  km  and  in  percent  of  the  total  sea  area  (1,360, 000  square  km). 


TABLE  114.  AREAS  OF  CLEAR  WATER  IN  THE  SUMMER  MONTHS 
IN  THE  BARENTS  SEA  (1900  TO  1928) 


Month 

April 

May 

June 

July 

August 

Average 

Thousands  of 
square  km 

350 

460 

590 

860 

1060 

670 

Per  Cent 

26 

34 

43 

63 

78 

49 

Examining  the  average  monthly  positions  of  the  ice-edge  (figure  176)  we  see  that  they  corres- 
pond well  with  the  relief  of  the  bottom  shoal  areas,  which,  other  conditions  being  equal,  are  regions 
of  ice  accumulation.  Here  ice  formation  begins  earliest,  while  melting  caused  by  the  heat  of  the 
Atlantic  water  proceeds  most  slowly  because  of  its  slow  drift.  With  the  setting  in  of  cold  winter, 
the  ice  border  gradually  moves  to  the  south  and  west,  and  this  process  occurs  faster  over  shoal 
areas  than  over  the  deep  regions.  By  April,  when  the  ice  borders  on  the  average  have  reached  their 
most  southern  and  western  positions,  only  the  southwest  part  of  the  sea  with  depths  over  200  m 
remains  free  of  ice.  By  May  the  border  moves  slightly  to  the  north  and  east  but  is  generally  simi- 
lar to  the  ice  border  in  April.  In  June  the  border  runs  slightly  to  the  north  of  Bear  Island,  passes 
south  of  the  central  shoal  area  and  very  typically  goes  around  the  shoal  area  at  Gusinaya  Zemlya 
from  the  west.  In  July,  all  of  Barents  Sea  south  of  75°  and  76°  north  becomes  Ice-free.  In  August, 
the  border  moves  approximately  one  degree  to  the  north.  On  the  average,  the  ice  border  recedes 
fastest  from  June  to  July  and  its  movement  north  is  considerably  slower  than  its  movement  east  and 
northeast.  In  other  words,  it  moves  faster  along  the  direction  of  movement  of  the  Norwegian  cur- 
rent than  in  the  regions  where  the  Atlantic  water,  forming  a cyclonic  movement,  turns  to  the  west. 

It  must  be  noted,  however,  that  such  conceptions  as  the  area  of  clear  water  or  of  ice,  or  a 
more  southerly  or  more  northerly  position  of  the  ice  edge  in  the  Barents  Sea,  are  extremely  rela- 
tive conceptions  and  may  be  used  only  with  definite  reservations.  It  is  known,  for  example,  that 
with  prolonged  north  winds  (as  occur  with  cyclones  which  pass  to  the  northeast  between  Franz 
Joseph  Land  and  Novaya  Zemlya),  the  edge  of  Barents  Sea  ice  descends  towards  the  south  and  in 
such  cases  huge  expanses  of  clear  water  sometimes  form  between  the  Ice  accumulations  at  the  edge 
and  Franz  Joseph  Land. 

Thus,  on  13  May  1936,  during  the  flight  of  Vodopyanov  between  Franz  Joseph  Land  and  Cap 
Zhelania,  clear  water  was  found  to  extend  for  250  km  along  the  flight  course.  In  June  1937,  the 
Sadho,  going  towards  Franz  Joseph  Land  from  the  south,  came  out  of  the  ice  at  77°  30'  north,  5i° 
20'  east  and  found  clear  water  for  more  than  270  km.  Thus,  the  area  of  clear  water  south  of  the 


*Taking  into  account  this  southern  ice  which  sometimes  flanks  Bear  Island  from  the  south,  I 
always  advise  that  in  sailing  from  Murmansk  to  Barentsburg  early  in  the  spring,  the  following 
should  be  considered  as  a guiding  rule.  Select  a course  from  Murmansk  to  Bear  Island.  If  ice  iB 
met  on  approaching  the  island,  never  enter  this  ice  but  skirt  it  keeping  the  ice  on  the  right  to  the 
latitude  of  Barentsburg  itself  (78°  north),  and  only  then  turn  into  Barentsburg. 
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edge  often  decreases  at  the  expanse  of  an  increase  of  the  clear  water  area  in  the  north  and  vice 
versa.  From  this  it  likewise  follows  that  it  is  sometimes  considerably  easier  to  get  to  Franz 
Joseph  Land  under  conditions  of  a very  southerly  position  of  the  Barents  Sea  ice-edge  than  when 
the  ice-edge  is  very  far  north  and  when  the  ice  at  Franz  Joseph  Land  itself  may  be  extremely  com- 
pressed. 

Nevertheless,  most  typical  of  Barents  Sea  ice  conditions  is  when  the  easiest  route  to  Franz 
Joseph  Land  lies  directly  from  the  south  along  the  great  deeps  (at  approximately  40l>-50°  east). 
Meanwhile  there  Is  still  some  ice  in  the  west,  remaining  on  the  shallower  depths  of  the  Persens 
shoals  (Spitzbergen  massif).  In  the  east  there  is  ice  which  has  been  carried  from  the  northeast  out 
of  the  northern  part  of  the  Kara  Sea  and  which  remains  in  the  shallows  along  the  southeast  coast  of 
Franz  Joseph  Land  (northeast  massif). 

We  find  a different  distribution  of  ice  in  the  Kara  Sea.  It  must  be  considered  that  during  the 
winter  months  practically  all  of  this  sea,  like  the  other  seas  of  the  Soviet  Arctic,  is  covered  with 
floating  ice.  This  picture  remains  until  about  June,  after  which  the  ice  starts  to  fall  apart  into 
massifs,  the  main  ones  being: 


1.  Southwestern  or  Novaya  Zernlya  massif,  situated  between  Novaya  Zemlya  and  the  Yamal 
Peninsula. 

2.  Northeastern  massif,  northeast  of  Dickson  Island. 

3.  Northern  massif,  in  the  northern  part  of  the  sea,  combining  with  the  ice  of  the  central 
Arctic  Basin.  The  axis  of  this  massif  passes  along  the  Sadko  shoals,  dividing  the  northern  part  of 
Kara  Sea  into  two  parts. 


The  northeastern  and  northern  massifs  in  some  years  are  not  separated  from  each  other. 

These  main  massifs  are  sometimes  divided  into  smaller  ones. 

On  this  account  we  cannot  speak  of  an  ice-edge  in  the  Kara  Sea  in  the  same  sense  as  we  do, 
with  certain  allowances,  in  relation  to  Greenland  and  Barents  Sea. 

The  existence  of  the  Novaya  Zemlya  massif,  which  in  certain  years  remains  until  the  follow- 
ing winter,  and  its  movement  (due  to  winds)  determines  the  navigational  conditions  from  Barents 
Sea  into  the  mouths  of  the  Ob  and  Yenisei  Rivers.  Sometimes  the  southern  route  through  Yugorski 
Shar  is  most  favorable.  In  other  cases  a middle  route  through  Matochktn  Shar,  and  in  a few  cases, 
the  northern  route  around  the  north  end  of  Novaya  Zemlya  is  most  advantageous . The  Novaya 
Zemlya  massif  sometimes  breaks  up  completely  by  the  end  of  the  summer. 

Figure  183  is  a probability  chart  of  the  presence  of  ice  in  the  southwestern  part  of  the  Kara 
Sea  in  the  first  half  of  September  (according  to  Vize).  The  map  was  compiled  from  observations 
over  13  years.  The  existanee  of  the  Novaya  Zemlya  massif  may  be  traced  on  it. 

Figure  184  is  a chart  of  probability  of  presence  of  ice  in  the  northeastern  part  of  Kara  Sea  for 
the  period  1930  to  1936,  compiled  by  Lvov  at  my  request.  It  must  be  noted  that  in  the  Novaya 
Zemlya  region  the  map  of  Lvov  docs  not  agree  with  that  of  Vize,  since  these  maps  were  compiled 
for  different  periods. 
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The  areas  of  open  water  in  the  Kara  Sea  for  1930  to  1936,  in  thousands  of  square  km  (accord- 
ing to  calculations  of  Belinski)  is  shown  in  Table  115. 


TABLE  115.  AREAS  OF  OPEN  WATER  IN  SUMMER  MONTHS 
IN  THE  KARA  SEA  (1930  TO  1936) 


Month 


Thousands  of 
square  km 


July 
2nd  half 


270 


August 

1st  half  2nd  half 


360 


490 


September 
1st  half  2nd  half 


620 


720 


Average 


490 


In  contrast  to  Barents  Sea,  where  the  area  of  open  water  observed  is  never  less  than  120,000 
square  km,  in  the  Kara  Sea  almost  the  entire  sea  is  completely  covered  with  floating  ice  by  Novem- 
ber. Open  water  remains  longest  in  the  straits  between  Franz  Joseph  Land  and  Novaya  Zemlya,  due 
to  the  heat  and  uniformity  of  the  warm  Atlantic  water  which  pours  into  this  region. 

Most  characteristic  of  the  Laptev  Sea  in  the  summer  season  is  the  Taimyr  ice  massif,  which 
descends  south  along  the  east  shores  of  Severnaya  Zemlya  and  the  Taimyr  Peninsula.  In  some 
years  this  massif  descends  south  to  the  mainland,  sometimes  recedes  to  the  north  leaving  a passage 
for  ships  along  the  shore,  and  sometimes  the  southern  part  of  it  breaks  apart  into  smaller  massifs 
which  are  separated  from  each  other  by  expanses  of  open  water. 

The  average  areas  of  open  water  in  Laptev  Sea  in  thousands  of  square  km  (according  to  cal- 
culations of  Belinski)  is  shown  in  Table  116.  These  areas  are  mainly  concentrated  along  the  west 
coasts  of  the  New  Siberian  Islands  and  their  existence  is  due  primarily  to  the  heat  of  river  waters. 

In  the  East  Siberian  Sea  the  ice-edge  is  sharply  defined.  It  stretches  in  the  summer  from  the 
New  Siberian  Islands  to  the  Bear  Islands.  Thus  the  coastal  expanse  of  open  water  gradually  narrows 
from  west  to  east. 


TABLE  116.  AREAS  OF  OPEN  WATER  DURING  THE  SUMMER 
MONTHS  IN  LAPTEV  SEA  (1932  TO  1936) 


Month 

July 

2nd  half 

r 

August 

1st  half  2nd  half 

September 

1st  half  2nd  half 

Average 

Thousands  of 

square  km 

130 

180  310 

370  400 

280 

A typical  example  of  the  condition  of  the  ice  in  the  East  Siberian  Sea  at  the  end  of  July  and 
beginning  of  August  1934  is  shown  In  figure  185.  The  seasonal  change  in  ice  abundance  is  expressed 
here  by  the  ice-edge  moving  away  to  the  north  during  the  summer. 


454 


Figure  186  shows  a map  of  the  probability  of  the  presence  of  Ice  during  the  navigational 
period  in  Chuckchee  Sea,  compiled  from  observations  from  1930  to  1936,  while  in  table  117  we  have 
the  average  monthly  areas  of  open  water  for  1924  to  1938.  A comparison  of  figure  186  and  table  117 
gives  a clear  idea  of  the  change  in  ice  abundance  and  an  indication  of  the  influence  of  Pacific  Ocean 
water  on  the  ice  conditions  of  this  sea. 
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rigure  186.  Probability  of  tin*  presence  ol  ice  in  the  Chuckchee 
Sea  during  the  nav  igational  period. 


TABLE  117.  AREAS  OF  OPEN  WATER  DURING  THE  SUMMER 
MONTHS  IN  CHUCKCHEE  SEA  (1924  TO  1938) 


Months 

July 

August 

September 

Average 

Thousands  of 

square  km 

172 

237 

290 

250 

In  examining  the  above-cited  figures  and  tables  it  must  be  remembered  that  all  of  them  have 
only  a relative  significance  for  navigation.  The  determining  factor  for  navigation  is  not  the  quantity 
of  ice  in  the  whole  area  of  the  sea  but  its  distribution  along  the  course  of  the  Northern  Sea  Route. 

From  tables  114  to  117  it  follows  that,  on  the  average,  in  the  seas  of  the  Soviet  Arctic  from 
the  Barents  Sea  to  the  Chuckchee,  1,500, 000  square  km  of  ice  melt  away  annually.  If  we  take  the 
average  ice  thickness  as  equal  to  2 m (taking  polynyas  into  consideration),  we  obtain  3,000  cubic  km. 

LITERATURE:  32,  77,  85,  147,  150,  160,  171. 

Section  156.  Long  Term  Fluctuations 

The  data  cited  above  give  an  indication  of  a certain  average  ice-abundance  of  the  given  region. 
In  certain  years,  however,  as  observations  show,  extremely  sharp  deviations  to  one  side  or  the 
other  of  the  norm  may  occur,  and  what  is  more,  in  only  a few  cases  are  we  able  to  explain  these 
deviations.  Thus,  for  example,  it  is  known  that  from  1892  to  1897  a considerable  increase  in 
quantity  of  ice  was  observed  in  the  antarctic.  A similar  ice  "eruption"  reoccurred  in  the  antarctic 
in  1922.  Typical  for  the  Barents  Sea  was  the  ice  "eruption"  of  1929,  when  a few  individual  icebergs 
went  as  far  as  the  Murmansk  coast.  The  greatest  quantity  of  floating  ice  in  the  Barents  Sea  was 
noted  in  1901,  1912,  and  1917.*  Conversely,  1930,  1931  and  1932  were  exceptionally  low  in  ice 
quantity. 

In  the  region  south  of  Newfoundland  there  was  very  little  ice  in  the  years  1881,  1917,  1924  and 
1931,  while  1890,  1909,  1912  and  especially  1929  were  years  of  ice  "eruptions." 

Table  118  shows  the  maximum  and  minimum  areas  of  open  water  in  August  in  the  seas  of  the 
Soviet  Arctic.  From  the  table  we  may  see  how  much  the  quantity  of  ice  and  area  of  open  water 
fluctuates  from  year  to  year. 

A number  of  hypotheses  have,  of  course,  been  advanced  to  explain  the  above  noted  anomalies, 
but  in  proportion  to  the  prolonged  period  of  observations  and  the  accumulation  of  data  they  are,  so 
far,  all  of  little  value. 

Some  consider  the  fluctuations  of  ice-abundance  to  be  periodic.  Thus,  Meinardus  defined  a 
periodicity  of  4. 5 years  for  the  Greenland  floating  ice.  Brooks  and  Kennell,  recomputing  the  data 
of  Meinardus,  consider  the  period  as  4.76  years.  Vize  obtained  a similar  period  independently  of 
Brooks  and  Kennell. 


*In  the  middle  of  August  1903,  the  western  ice-edge  in  the  Pechor  Sea  extended  from  the 
Gulyaevskie  Islands  to  the  west  coast  of  Novaya  Zemlya  and  beyond  in  a 30  mile  strip  to  the  north 
along  the  west  coast  of  Novaya  Zemlya  to  Matochkin  Shar. 
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TABLE  118.  MAXIMUM  AND  MINIMUM  AREAS  OF  OPEN  WATER 
IN  THOUSANDS  OF  SQUARE  KM  IN  AUGUST  IN  SEAS 
OF  THE  SOVIET  ARCTIC 


Sea 

Barents 

Kara 

Laptev 

Chuckchee 

Years 

1900-1928 

1930-1936 

1932-1936 

1924-1938 

Maximum  Areas 

1333 

720 

290 

307 

Minimum  Areas 

816 

180 

100 

151 

Basing  his  work  on  the  results  of  ship  navigation  in  the  Kara  Sea  and  also. on  certain  biologi- 
cal indications,  Burke  found  that  two  periods  may  be  distinguished  for  the  ice  of  the  Kara  Sea:  one 
a thirty-year  period,  the  other  a three-year  period.  The  warm  thirty-year  periods  alternate  with 
cold  thirty-year  periods,  and  on  the  general  cold  or  warm  background  every  third  year  is  com- 
paratively low  in  ice  quantity. 

Thus,  according  to  Burke,  the  period  from  1869  to  1898  was  a warm  one  for  the  Kara  Sea 
and  the  following  years  were  especially  low  in  ice  quantity:  1869,  1872,  1875,  1878,  1881,  1884, 
1887,  1890,  1893,  1896.  The  period  from  1899  through  1929  was  a cold  one,  but  the  following 
years  were  distinguished  by  comparatively  low  ice  quantity:  1899,  1902,  1905,  1908,  1911,  1914, 
1917,  1920,  1923,  1925,  1926.  According  to  Burke,  a warm  period  again  began  in  1929,  and  the 
years  1929,  1932,  1935,  etc.  were  distinguished  by  low  quantity  of  ice.  Thus  Burke  considered 
that  the  warming  of  the  Kara  Sea  will  attain  its  maximum  around  1943  and  1944  while  cooling  will 
not  commence  until  1959. 


Figure  187.  Fluctuations  of  ice  abundance  in  the  East  Siberian  Sea. 


Vize,  after  analyzing  the  ice  abundance  of  the  seas  to  the  east  of  the  Kolyma  River  and  north 
of  Bering  Strait  from  1906  to  1924  comes  to  the  conclusion  that  the  periodicity  of  ice  abundance  of 
4 to  5 years  which  has  been  observed  by  the  Chuckchee  is  confirmed.  He  considers  that  it  amounts 
on  the  average  to  4.6  years  (figure  187),  that  is,  almost  exactly  equal  to  the  periodicity  found 
along  the  shores  of  Iceland . 


Figure  188  shows,  according  to  Itin,  the  ice  abundance  in  the  Kara  Sea  and  in  the  sea  to  the 
east  of  the  Kolyma  River.  Itin  employed  a 5-point  classification  system  after  analyzing  the  navi- 
gability of  these  seas  in  various  years . Despite  the  incompleteness  of  the  data  and  the  somewhat 
unreliable  evaluation  of  ice  quantity  in  certain  years,  the  law  of  "ice  opposition"  of  the  Kara  and 
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Figure  188.  Graph  of  comparative  ice-abundance  In  the  Kara  Sea  (upper 
curve)  and  In  the  sea  east  of  the  Kolyma  River  (lower  curve) . 

Chuckchee  Sea,  that  is,  low  ice  quantity  in  the  Kara  Sea  corresponding  to  high  ice  quantity  in  the 
Chuckchee  Sea  and  vice  versa,  is  quite  evident. 

I,  personally,  have  not  been  able  to  note  a periodicity  of  short  cycles  in  my  investigations 
into  the  ice  abundance  of  seas  of  the  Soviet  Arctic. 

LITERATURE:  22,  32,  34,  77,  78,  119. 

Section  157.  Certain  Factors  which  Determine  the  Ice 
Abundance  of  the  Arctic  Ocean 

We  may  conditionally  divide  into  several  groups  the  factors  which  govern  the  ice  abundance  of 
the  Arctic  Ocean.  Some  of  these  may  act  in  the  same  direction  over  very  long  time  Intervals  and 
are  connected  with  world-wide  variations  in  climate.  To  this  group  belong  astronomical  and  geo- 
logical factors.  A second  group  acts  over  a series  of  years  and  sometimes  over  scores  of  years 
and  is  connected  with  climatic  fluctuations.  To  this  group  belong  temporary  changes  in  the  general 
circulation  of  the  atmosphere  and  hydrosphere  over  the  entire  globe.  Finally,  a third  group  con- 
sists of  factors  which  change  the  Ice  abundance  from  year  to  year.  To  this  group  belong  the  tem- 
porary changes  in  circulation  of  atmosphere  and  hydrosphere  in  the  Arctic  Basin  itself  and  in  the 
atmospheric  and  oceanic  centers  of  action  which  exert  the  greatest  influence  on  conditions  in  the 
Arctic  Ocean.  The  last  group  of  factors  Is  obviously  of  the  greatest  practical  interest.  We  must 
not  forget,  however,  that  fluctuations  in  ice  abundance  from  year  to  year  are  superimposed  on  a 
definite  background  created  by  factors  acting  over  great  time  Intervals. 

Also  we  must  not  forget  the  Influence  of  the  ocean  which  smooths  out  the  sharp  fluctuations  of 
atmospheric  conditions.  This  remark  refers  particularly  to  the  influence  of  extensive,  deep  and 
uniform  ocean  regions,  since  It  is  only  in  such  regions  that  quantities  of  heat  are  absorbed  or  given 
off  which  are  sufficient  for  an  essential  change  in  synoptic  processes.  An  example  of  this  is  the 
Atlantic  (Gulf  Stream)  current  and  its  offshoots,  meeting  all  the  above-listed  conditions. 

LITERATURE:  77. 

Section  158.  Astronomical  Factors 

Of  the  astronomical  factors  which  exert  an  influence  on  ice  abundance,  of  greatest  Interest 
are  the  variations  in  the  sun's  activity  which  are  connected  with  the  11 -year  sun  spot  period  and  the 
periodic  variations  in  mutual  relations  of  the  earth,  moon  and  sun. 
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Clayton  points  out  the  influence  of  quantity  of  sun  spots  on  atmospheric  pressure  and  conse- 
quently on  the  distribution  of  precipitation.  The  fluctuations  in  level  of  certain  lakes,  depending 
mainly  on  quantity  of  precipitation,  show  a striking  concurrence  with  the  changes  in  sun  spots.  It 
is  remarkable  that  Lake  Ladoga,  for  example,  has  more  water  at  the  time  of  (he  sunspots  minimum 
than  at  the  maximum,  while  Lake  Victoria  in  Middle  Africa  is  the  reverse.  This  is  due  entirely  to 
the  different  pressure  pattern  which  occurs  in  connection  with  these  hikes  as  a result  of  solar 
activity. 

Memory  goes  somewhat  further  in  his  investigations.  He  notes  that  since  9 sun  spot  periods 
equal  100  years  and  if  the  quantity  of  sun  spots  affects  the  weather,  approximately  every  100  years 
(we  note  that  100  years  almost  corresponds  to  three  of  the  35-year  periods  of  Bruckner)  the  weather 
should  repeat  Itself.  Memory  confirms  this  assumption  by  means  of  thirteen  sharp  deviations  in 
seasonal  weather  from  the  norm  for  the  period  1888  to  1928  which  corresponds  to  similar  seasonal 
weather  deviations  for  the  period  1788  to  1828.  In  connection  with  this,  in  his  work  which  was 
printed  in  1928  Memory  warned  of  severe  winters  expected  in  1929  and  1930,  which,  as  we  know, 
was  very  strikingly  confirmed  for  the  winter  of  1929-30. 

On  the  other  hand  Memory  attempts  to  explain  why,  since  we  have  an  11-year  sun  spot  period, 
we  do  not  have  an  11 -year  weather  period.  Memory  shows  that  the  quantity  of  sun  spots  varies 
extremely  Irregularly  during  one  single  year.  It  sometimes  increases,  sometimes  decreases,  and 
the  yearly  maximum  sometimes  falls  in  the  summer,  sometimes  in  the  winter.  In  1928  the  maxi- 
mum of  solar  activity  fell  in  August  and  this  caused  positive  deviations  of  temperature  in  that 
summer.  Whenever  the  minimum  of  sun  spots  falls  in  the  winter  we  must  expect  negative  devia- 
tion of  temperature  in  that  winter. 

In  studying  the  long  term  changes  in  ocean  level  we  discover  two  factors:  first,  the  average 
yearly  levels  of  separate  parts  of  the  ocean  and  particularly  the  levels  of  Individual  semi-closed 
seas  differ  from  each  other  by  more  or  less  considerable  amounts.  Secondly,  the  average  yearly 
levels  increase  or  decrease  over  a large  expanse  of  the  shore.  This  phenomenon  is  most  typical, 
of  course,  in  the  semi-closed  seas. 

Thus,  for  example,  along  the  whole  coast  of  the  Baltic  Sea,  including  its  bays,  the  average 
yearly  level  was  lower  than  the  average  long-term  level  in  1891,  1897,  1901,  1904,  1908,  etc.  and 
higher  than  the  average  long-term  level  in  1893,  1899,  1903,  etc. 

The  latest  American  investigations  show  that  the  increase  or  decrease  of  average  annual  level 
occurs  along  the  entire  coastline  of  the  U.S.A.,  both  on  the  Atlantic  and  Pacific.  In  all  Pacific 
Ocean  ports  the  increases  and  decreases  in  average  yearly  level  fall  in  the  same  years.  In  all 
Atlantic  ports  these  variations  of  the  average  yearly  likewise  fall  on  the  same  years,  but  these  are 
different  from  the  corresponding  years  on  the  Pacific  coast.  According  to  Mariner,  for  example, 
the  highest  levels  on  the  Atlantic  coast  of  the  U.S.A.  fell  in  1902,  1910  and  1919. 

L'AUemand  and  Prcvaux's  special  research  on  the  results  of  French  levelling  work  shows 
that  the  long-term  fluctuations  in  level  are  periodic  and  are  connected  with  lunar  periods.  We  may 
thus  consider  it  certain  that  the  long-term  variations  in  ocean  level,  in  any  case  in  a certain  part 
of  it.  are  connected  with  long-term  variations  in  the  tide-producing  forces  of  the  moon  and  sun. 

But  variations  in  level,  especially  when  occurring  simultaneously  over  a large  ocean 
expanse,  are  caused  bv  great  shillings  of  the  appropriate  water  masses.  These  shiftings  are 
reminiscent  in  character  of  the  shiftings  connected  with  wind-caused  phenomena.  The  surface 
water,  moving  into  the  shore  or  into  a separate  sea,  raises  the  water  level.  At  the  same  time  the 
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reverse  current  of  deep  water  out  Into  the  open  ocean  is  intensifies  When  the  surface  water 
recedes,  the  phenomenon  occurs  in  reverse.  The  similarity  of  tidal  phenomena  and  wind-caused 
phenomena  lies  also  in  the  fact  that  comparatively  small  changes  in  surface  level  are  accompanied 
by  very  great  amplitudes  of  rise  and  fall  of  deep  water. 

Petterson  first  called  attention  to  the  internal  waves  of  large  period  in  his  study  of  the 
seasonal  vertical  fluctuations  in  sa'inity  in  the  Danish  Strait  and  at  the  same  time  he  connected  the 
period  of  these  fluctuations  with  periods  of  astronomical  phenomena. 

Danus  called  the  tidal  on-shore  driving  "transgressions. " Comparing  the  conclusions  of 
Petterson,  L'Allemand,  Prevaux  and  others,  he  found  that  the  basic  periods  which  determine  the 
nature  of  transgressions  of  surface  water  (on-shore  driving)  and  deep  water  (off-shore  driving)  are 
as  follows:  1—4.65  — 9.3  —18.6  — 111  years,  etc.  Actually,  when  Petterson  studied  the  long- 
term fluctuations  in  catch  of  fish  in  the  Danish  Strait  he  found  a period  of  111  years.  Dorsey 
Thomas  found  that  the  maximum  catches  of  fish  at  Edinburgh  occurred  every  18.6  years,  etc. 

The  largest  astronomical  period  to  have  an  effect  on  the  ice  abundance  in  the  Atlantic  sector 
of  the  arctic,  as  analyzed  by  Petterson,  is  equal  to  1,  800  years.  Every  1,  800  years  the  sun,  moon 
and  earth  are  in  one  plane  and  on  one  straight  line  under  conditions  of  shortest  distance  from  the 
earth  to  sun.  At  such  moments  the  tide-forming  force  reaches  its  maximum  intensity  and  on 
account  of  this  the  maximum  disturbances  of  equilibrium  are  provoked  both  in  the  atmosphere  and 
in  the  hydrosphere. 

Such  mutual  positions  of  the  heavenly  bodies  occurred  in  the  years  2100  and  360  before  our 
era  and  in  the  year  1433  of  our  era.  * The  historical  research  of  Petterson  indicates  that  great 
climatic  and  oceanographic  variations  occurred  around  these  years  in  the  North  Atlantic. 

The  Norwegian  Vikings  in  the  10th  and  11th  centuries  evidently  experienced  no  difficulties 
due  to  ice  when  sailing  to  Greenland.  Eric  the  Red,  in  the  course  of  his  voyage  of  984  to  987, 
passed  along  the  east  coast  of  Greenland  from  Angmagsalik  to  the  southern  extremity  of  Greenland. 
In  these  times,  according  to  Petterson's  opinion,  the  East  Greenland  current  was  as  free  of  ice  as 
is  the  East  Iceland  current  at  the  present  time,  and  the  Greenland  ice  did  not  go  past  Cape  Farewell 
into  Baffin  Bay.  The  climate  of  Greenland  in  those  times  was  similar  to  the  present  climate  of 
Norway  in  the  same  latitudes.  Starting  with  the  year  1261  the  first  written  indications  appear  of  an 
ice  blockade  of  Iceland. 

At  the  same  time  there  began  some  very  severe  winters  in  Norway  and  catastrophic  floods  on 
the  east  coasts  of  the  North  Sea. 

LITERATURE:  62,  77,  101,  148,  149,  159,  163. 

Section  159.  Geological  Factors 

Nansen  paid  great  attention  to  the  discussion  of  the  effect  of  geological  factors  on  the  ice 
abundance  of  the  Arctic  Ocean.  He  considered  that  the  oceanographic  conditions  in  the  Arctic 
Basin  very  obviously  exert  a great  influence  on  climate. 

The  arctic  water,  of  low  salinity  and  below  temperature,  protects  the  lower-lying  Atlantic 
water  from  cooling  and  thus  makes  the  arctic  climate  more  severe.  If  this  layer  did  not  exist,  the 

♦The  Soviet  author  does  not  employ  "B.C."  and  "A.D."  - Translator. 
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vertical  circulation  would  be  intensified  and  this  would  partially  increase  the  entrance  of  Atlantic 
water  Into  the  Arctic  Basin. 

Considering  that  the  layer  of  surface  arctic  water  is  formed  partly  by  precipitation  but  chiefly 
by  coastal  drainage.  Nansen  came  to  the  conclusion  that  if  the  Siberian  and  American  rivers  had 
emptied  into  the  Pacific  or  Atlantic  Ocean  in  the  early  geological  periods,  arctic  surface  water 
would  be  warmer.  But,  adds  Nansen,  such  great  changes  in  the  direction  of  coastal  drainage  could 
barely  have  occurred  in  comparatively  recent  geological  periods.  It  seems  to  me  that  Nansen 
somewhat  exaggerates  the  role  of  coastal  drainage  in  this  respect.  Actually,  we  have  seen  that  on 
account  of  repeated  melting  and  freezing  as  well  as  for  other  reasons,  the  arctic  surface  water  in 
the  central  part  of  the  Arctic  Basin  is  fresher  (less  saline)  than  on  the  periphery. 

Nansen  considered  that  possible  variations  in  depth  and  outlines  of  shores  and  sea  bottom  in 
the  northern  seas  might  be  another  cause  of  variation  in  climate. 

The  underwater  ridges  between  Greenland,  Iceland  and  Norway,  and  likewise  between  Novaya 
Zemlya,  Franz  Joseph  Land,  Spitzbergen  and  Greenland  certainly  retard  the  water  exchange  be- 
tween the  Atlantic  Ocean  and  the  Arctic  Basin. 

In  recent  geological  periods  there  were  evidently  fluctuations  of  sea  level  along  the  coasts  of 
the  North  Atlantic,  Norwegian  Sea,  and  the  Arctic  Basin,  reaching  amplitudes  of  1000  m at  the 
very  least . The  lowering  of  the  land  level  and  the  ocean  bottom  brought  about  a milder  climate  in 
the  arctic  regions,  particularly  in  Scandinavia  and  to  some  extent  in  Northern  Russia  and  Siberia. 

On  the  other  hand,  a lowering  of  sea  level,  let  us  say  by  500  m,  would  cause  still  greater 
changes.  The  Baffin,  Greenland  and  Norwegian  Seas  would  be  almost  completely  cut  off  from  the 
Atlantic  Ocean.  The  warm  Atlantic  water  would  not  enter  these  seas  and  the  ice  would  not  be 
carried  out  of  these  seas  into  the  Atlantic.  Under  such  conditions  a glacial  period  would  begin  in 
Scandinavia  and  its  climate  would  become  like  the  present  climate  in  southern  Greenland. 

However,  in  Nansen's  opinion,  such  fluctuations  in  sea  level  and  other  variations  in  the  circu- 
lation of  the  hydrosphere  in  the  northern  seas  cannot  explain  the  tremendous  changes  in  climate 
noted  by  geologists  in  Spitzbergen,  the  New  Siberian  Islands,  western  Greenland,  etc. 

LITERATURE:  62,  77,  165. 

Section  160.  Climatic  Factors 

There  are  as  yet  no  complete  and  generally  accepted  hypotheses  to  explain  the  short-term  and 
long-term  deviations  from  the  norm  of  ice  abundance  and  their  connection  with  variations  in  hydro- 
spheric  and  atmospheric  conditions.  This  is,  of  course,  due  to  the  unusual  complexity  of  the 
question.  Actually,  while  the  behavior  of  the  trade  winds  in  the  Atlantic  Ocean  affects  the  behavior 
of  the  Gulf  Stream,  and  while  the  intensity  of  the  southwestern  air  current  affects  the  behavior  of  the 
North  Atlantic  drift,  the  Gulf  Stream  and  the  North  Atlantic  drift  on  the  other  hand  cause  the  max- 
imum anomalies  of  air  temperature  and  pressure  which  are  to  be  observed  on  the  earth's  surface. 

Of  greatest  importance  for  the  ice  abundance  of  the  seas  in  the  Soviet  sector  of  the  arctic,  due 
to  their  eastern  position  relative  to  the  northern  part  of  the  Atlantic  Ocean,  are  the  temperature 
conditions  of  the  Gulf  Stream  and  its  offshoots.  The  Atlantic  water  not  only  heats  the  Arctic  Ocean 
but  also,  by  indirect  influence,  creates  the  temperature  and  wind  conditions  of  the  air  masses. 
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Thanks  to  the  work  of  Nansen  we  know  that  underneath  the  cold  and  non-saline  surface  water 
of  the  central  part  of  the  Arctic  Basin  lies  the  warm  Atlantic  water.  The  speed  with  which  this  warm 
water  moves  to  the  east  may  be  determined  from  the  following  considerations,  which  are  partially 
confirmed  by  the  studies  of  Dobrovols.'d:  It  is  believed  that  about  4 years  is  required  for  polar  ice 
to  move  from  east  to  west — from  Bering  Strait  to  Greenland  Sea — and  it  is  natural  to  assume  that 
the  same  time  interval  is  necessary  for  movement  of  Atlantic  water  in  the  reverse  direction,  i.  e. , 
from  Spitzbergen  to  Bering  Strait. 

We  have  as  yet  by  no  means  discovered  how  the  subsequent  eastern  passage  of  deep  Atlantic 
water  along  the  continental  slope  of  the  Siberian  coast  affects  ice  conditions  in  the  corresponding 
regions.  There  is  no  doubt,  however,  that  the  temperature  of  this  water  does  have  an  Influence  on 
ice  abundance,  for  these  reasons:  first,  because  this  water  is  Involved  in  one  way  or  another  in  the 
vertical  circulation  which  accompanies  ice  formation,  and  second,  because  this  water  (after  mix- 
ing with  other  water)  comes  out  on  the  surface  of  the  sea  in  certain  definite  areas,  as  a result  of 
driving  phenomena  which  are  caused  by  one  factor  or  another. 

This  discussion  must  be  supplemented  by  the  following.  The  presence  of  anomalous  warm  or 
anomalous  cold  water  in  one  sea  region  or  another  brings  about  an  anomalous  distribution  of 
meteorological  conditions,  in  particular  pressure  patterns  and  as  a result,  a distribution  of  winds. 
But  if  the  sea  temperature  is  connected  on  the  one  hand  with  ice  abundance  and  on  the  other  with  a 
pressure  pattern,  there  should  then  be  a certain  dependent  relationship  between  pressure  and  ice 
abundance.  Therefore  the  efforts  to  find  this  relationship  from  observations  of  ice  abundance  and 
pressure  distribution  are  quite  understandable. 

Meinardus  came  to  the  conclusion  that  a weak  air  circulation  in  the  north  Atlantic  from 
August  to  February  accounts  for  the  comparatively  small  quantities  of  floating  ice  at  Newfoundland 
in  the  following  spring,  and  the  converse  is  also  true.  Meeking  considered  that  the  pressure 
gradient  across  the  ice  current  along  the  shores  of  Labrador  in  the  preceding  winter  is  the  main 
factor  which  determines  the  boundaries  of  floating  ice  In  the  northwest  part  of  the  north  Atlantic. 

Lesgaft,  studying  ice  conditions  In  the  Kara  Sea  from  1869  to  1911,  determined  that  with 
comparatively  favorable  ice  conditions  in  the  north  and  in  the  southeast  of  the  Barents  Sea,  favor- 
able conditions  are  established  likewise  in  the  northern  part  of  the  Kara  Sea,  north  of  the  northern 
end  of  Ncvaya  Zemlya  and  in  Matochkin  Shar.  Likewise,  unfavorable  ice  conditions  in  the  northern 
and  southeastern  parts  of  the  Barents  Pea  are  associated  with  unfavorable  conditions  in  the  northern 
part  of  the  Kara  Sea.  From  such  facts  Lesgaft  concluded  that  in  these  parts  of  the  Arctic  Ocean  the 
ice  conditions  are  regulated  by  one  general  principle.  Ice  conditions  in  the  southern  part  of  Kara 
Sea  do  not  depend  on  the  ice  conditions  of  the  Barents  Sea  and  are  determined  by  the  pressure 
gradient  at  Cape  Karmakula-Obdorsk. 

Vize  subsequently  showed  that  an  increase  of  pressure  in  northern  Greenland  and  north  of 
Iceland  in  June  or  July  corresponds  to  a great  quantity  of  ice  in  the  Barents  Sea  in  the  following 
August,  the  converse  also  being  true. 

The  authors  mentioned  above  have  noted  that  small  ice  quantity  is  the  result  of  an  appropriate 
distribution  of  atmospheric  pressure.  Other  authors,  for  example  Brooks  and  Kennell,  found  on 
the  contrary  a connection  between  ice  abundance  in  the  polar  seas  and  the  subsequent  pressure  dis- 
tribution in  Western  Europe.  It  must  be  noted  that  these  are  only  apparent  contradictions,  since, 
as  we  have  often  noted,  the  general  circulation  of  the  atmosphere  is  very  closely  connected  with 
the  general  circulation  of  heat  in  the  ocean. 
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In  the  final  result,  for  the  European-Atlanttc  sector  of  the  arctic,  the  various  combinations  of 
mutual  action  of  atmosphere  and  hydrosphere  along  the  routes  of  the  Atlantic  water  have  their  effect 
on  the  location  of  paths  of  cyclones  which  arise  in  the  region  south  of  Iceland  and  have  an  effect  on 
the  Intensity  of  atmospheric  circulation.  Seherhag  shows,  for  the  period  1921  to  1930,  that  the  Ice- 
land and  Aleutian  lows  deepened  by  almost  !j  mb  in  the  winter,  while  the  pressure  In  the  whole  sub- 
tropical zone  increased  (figure  189).  The  transfer  of  polar  maritime  air  from  the  Atlantic  into 
Barents  Sea  increased  in  accordance. 


Figure  189.  Anomalies  of  atmospheric  pressure  for  10  year  period 
from  1921  to  1930  (in  mb)  according  to  Seherhag. 


On  the  other  hand,  the  warmer  Atlantic  waters  themselves  and  the  absence  of  ice  bring  about 
an  increase  in  atmospheric  circulation,  ;md  the  cyclone  paths  accordingly  run  further  north.  More 
northerly  cyclone  paths  create  warmer  conditions  in  the  European- Atlantic  sector  of  the  arctic. 

LITERATURE:  29,  49,  77,  99,  100,  161,  162,  170. 

Section  161.  Synoptic  and  Oceanographic  Factors 

We  have  already  seen  that  as  a general  rule  the  ice  abundance  of  a given  region  Is  a combina- 
tion of  tho  ice  abundance  due  to  local  Ice  and  that  due  to  ice  exchange  with  adjacent  seas.  The  ice 
abundance  due  to  local  ice  depends  on: 

1.  Meteorological  conditions  (in  the  broadest  sense  of  the  term)  in  the  period  of  ice  formation 
and  melting. 

2.  Water  exchange  with  neighboring  seas  insofar  as  this  water  exchange  exerts  an  influence 
on  temperature  conditions  of  the  sea. 

Since  meteorological  conditions  and  water  exchange  vary  from  year  to  year  within  fairly  wide 
limits,  it  is  therefore  natural  that  ice  conditions  should  also  vary  considerably.  What  is  more. 
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with  the  same  average  annual  meteorological  conditions  and  water  exchange,  the  ice  conditions  may 
be  different,  owing  to  a phase  displacement  in  those  conditions. 

Ice  abundance  due  to  local  ice  is  easily  subjected  to  analysis.  Actually.  In  the  first  approxi- 
mation we  may  here  consider  that  the  main  factors  which  determine  ice  abundance  are  as  follows: 

1.  Ice  abundance  and  temperature  in  the  basin  at  the  start  of  winter  cooling.  The  less  ice 
present  and  the  higher  the  sea  temperature,  or  more  accurately,  the  greater  the  index  of  freezing, 
the  less  ice  abundance  may  be  expected  in  the  following  year. 

2.  Synoptic  conditions  in  the  period  of  cooling  and  ice  formation.  The  decisive  factors  at 
this  period  are  air  temperature  and  wind  force.  The  speed  of  cooling  of  the  sea  is  directly  pro- 
portional to  the  severity  of  the  weather,  depending  on  air  temperature  and  wind  force,  while  the 
thickness  of  ice  which  will  form  with  uninterrupted  growth  is  proportional  to  the  number  of  degree- 
days  of  freezing.  In  addition,  the  stronger  the  winds  the  more  intense  is  the  hummocking  of  ice. 

It  has  already  been  pointed  out  that  in  the  border  seas  of  the  Soviet  sector  of  the  arctic  the  thick- 
ness of  ice  growth  which  forms  during  the  winter  exceeds  2 m only  in  the  most  northerly  regions, 
while  the  average  thickness  of  hummocking  ice  in  the  same  regions  reaches  4 m.  It  is  clear, 
therefore,  that  the  less  the  number  of  degree-days  of  freezing,  and  the  less  the  total  severity  of 
weather  in  periods  of  cooling  and  ice  formation,  and  finally,  the  less  the  index  of  turbulence  of  the 
atmosphere,  the  less  ice  abundance  may  be  expected  in  the  subsequent  year. 

3.  Synoptic  conditions  in  the  period  of  weakening  of  ice.  The  decisive  factors  in  this  period 
are  the  temperature  and  humidity  of  the  air  and  the  force  of  the  wind.  Break-up  occurs  after  the 
ice  has  become  sufficiently  weakened  by  melting  under  influence  of  currents,  tides  and  wind.  The 
earlier  the  ice  weakens  (due  to  air  temperature,  humidity  and  solar  radiation),  and  the  earlier  the 
break-up  occurs  (which  is  always  hastened  by  the  wind),  the  less  ice  abundance  may  be  expected  in 
the  sea. 


4.  Synoptic  conditions  in  the  period  of  ice  destruction.  After  the  first  movements  of  the  ice 
have  begun,  wind  force  and  direction  acquires  great  significance.  While  the  most  favorable  wind 
directions  may  be  determined  before  the  first  ice  movement  in  each  individual  sea,  in  the  period  of 
ice  destruction  particular  importance  is  attached  not  only  to  wind  force  but  also  to  the  variability  of 
its  direction.  Actually,  the  more  often  a wind  of  identical  force  changes  Its  direction,  the  greater 
will  be  the  amplitude  of  movement  of  individual  floes,  the  greater  will  be  spring  hummocking,  and 
the  more  broken-up  the  ice  will  be  (other  conditions  being  equal).  The  quantity  of  solar  energy 
expended  in  melting  of  ice  is  directly  proportional  to  the  area  of  open  water.  We  recall,  in  addition, 
that  when  warm  air  flows  over  ice,  a comparatively  thin  cushion  of  cold  air  forms  over  the  ice. 
When  the  wind  is  sufficiently  strong  this  cushion  is  demolished.  Thus,  the  stronger  the  wind  and 
the  more  variable  its  direction  in  the  period  of  ice  destruction,  or  in  other  words,  the  greater  the 
index  of  atmospheric  turbulence,  the  less  ice  abundance  may  be  expected  in  the  period  of  navigation, 
provided  navigation  is  generally  feasible  in  the  given  region. 

3.  Synoptic  conditions  in  the  period  of  navigation.  In  case  of  low  ice  quantity  in  a sea,  the 
synoptic  conditions  during  navigation  have  no  particular  significance,  but  they  become  decisive 
when  the  ice  is  very  abundant.  The  wind  again  plays  the  main  role  here.  Its  force  and,  more 
Important,  its  direction,  which  determines  the  location  of  ice,  may  be  favorable  or  unfavorable  for 
the  use  of  sea  routes  within  or  across  this  area.  It  has  already  been  noted  that  the  Ice  abundance 
of  a sea  in  respect  to  ice  of  exclusively  local  origin  is  dependent,  in  addition  to  the  above-listed 
conditions,  on  water  exchange  with  neighboring  seas.  The  greater  this  water  exchange,  the  greater 
obviously  will  be  the  effect  of  water  exchange  on  ice  abundance. 
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Water  exchange  of  seas,  Just  like  other  meteorological  and  oceanographical  processes,  experiences 
seasonal  and  long-term  fluctuations,  while  within  any  single  year.  In  certain  limits,  it  undergoes 
phase  displacements.  These  variations  may  be  expressed  both  in  volume  and  heat  of  the  currents 
and  these  together  may  be  reflected  on  fluctuations  in  ice  abundance. 

In  analogous  fashion  to  the  water  exchange,  coastal  drainage  exerts  a great  influence  on  ice 
abundance  of  shallow  seas.  For  example,  in  the  coastal  regions  of  the  Kara,  Laptev  and  East 
Siberian  Seas  the  coastal  drainage  is  a primary  factor  in  the  ice  quantity,  changing  the  latter  as  a 
result  of  the  force  and  time  of  onset  of  spring  flooding. 

More  complicated  are  the  fluctuations  in  ice-abundance  in  seas  and  regions  where  a more  or 
less  intensive  ice  exchange  with  neighboring  seas  occurs. 

In  the  Barents  Sea,  ice  of  local  origin  predominates.  The  movement  of  ice  out  of  this  sea 
and  the  movement  of  ice  into  it  from  the  Arctic  Ocean  and  the  Kara  Sea  are  slight  and  nearly  bal- 
ance each  other.  Therefore  the  main  factors  determining  the  ice  abundance  of  this  sea  are  the  heat 
conditions  of  the  Norwegian  current  and  the  meteorological  conditions  which  are  to  a great  extent 
regulated  by  the  heat  conditions  of  Atlantic  water. 

In  the  Kara  Sea,  besides  the  synoptic  conditions,  the  Ob  and  Yenisei  and  other  rivers  are  of 
great  importance  for  the  southern  part  of  the  sea.  The  ice  exchange  with  Barents  Sea  is  slight, 
and  the  coming  and  going  of  ice  is  almost  balanced.  The  ice  exchange  of  this  sea  with  the  Arctic 
Ocean  and  the  Laptev  Sea,  however,  is  quite  another  matter.  Fluctuations  in  the  loss  of  ice  may 
be  considerable  in  certain  years,  and  these  very  fluctuations,  especially  in  the  prenavigational 
period,  may  perhaps  play  the  most  important  role  in  the  ice  conditions  of  this  sea. 

These  fluctuations  and  the  carrying  away  of  ice  are  determined  not  only  by  fluctuations  in  the 
state  of  the  Kara  Sea  itself  but  are  also  connected  with  the  circulation  of  air  masses  over  the  adja- 
cent parts  of  the  ocean,  over  the  Barents  and  Laptev  Seas,  and  in  particular  over  the  central  part 
of  the  Arctic  Ocean. 


In  the  northwestern  part  of  the  Laptev  Sea  the  most  important  factor  is  the  entry  of  ice  from 
the  Kara  Sea  and  the  Arctic  Ocean,  while  in  the  southeastern  part  the  most  important  factor  is  the 
water  condition  of  the  Lena  River.  The  entry  of  ice  will  vary  to  a considerably  greater  extent  than 
the  conditions  of  the  Lena  water,  and  therefore  the  ice  conditions  in  the  southeastern  part  of  this 
sea  are  subject  to  considerably  less  fluctuation  from  year  to  year  than  those  in  the  northwestern 
part. 


The  East  Siberian  Sea  is  protected  from  ice  movement  from  the  north  by  islands  and  shallows 
and  therefore  Its  Ice  abundance  depends  mainly  on  hydrometeorological  conditions.  It  is  quite  a 
different  matter  with  respect  to  Long  Strait  and  Chuckchee  Sea.  Wind  conditions  in  the  summer 
season  are  the  basic  determining  factor  as  to  whether  these  waters  will  have  a great  deal  of  ice  or 
be  completely  ice  free  during  the  navigational  period. 

Appropriate  observations  and  studies  show  that  the  spring  season  processes  have  the  greatest 
effect  on  ice  abundance  in  the  arctic  seas  during  navigation.  Arctic  navigation  began  unusually 
early  in  1943  and  continued  under  extremely  favorable  conditions.  In  this  connection  the  following 
data  are  of  Interest. 

Figure  190  shows  the  anomalies  in  melting  of  the  snow  cover  in  Siberia  in  1943.  In  certain 
regions  the  snow  cover  melted  30  days  earlier  than  normal.  This  is  an  extremely  favorable 
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Figure  190.  Anomalies  of  melting  of  snow  cover  in  Siberia 
in  the  spring  of  1943  (in  days). 
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circumstance.  Actually,  under  these  circumstances  the  air  masses  which  are  carried  from  the 
south  Into  the  arctic  do  not  expend  their  heat  along  the  way  In  melting  of  the  snow.  In  addition,  the 
ground  which  is  bare  of  snow  acts  as  a good  absorber  of  solar  radiation  and  transmits  the  stored- 
up  heat  to  the  air. 

Figure  191  shows  anomalies  in  the  break-up  of  rivers  in  the  Arctic  Ocean  Basin.  With  the 
exception  of  the  rivers  Olenyok  and  Khatanga,  where  the  break-up  of  the  deltas  was  retarded  by  a 
slight  cold  spell  which  set  in  June,  the  break-up  of  rivers  in  1943  occurred  everywhere  on  an  aver- 
age of  10  days  earlier  than  normal.  In  certain  instances  the  anomalies  amounted  to  17  days.  As  a 
rule  the  break-up  of  rivers  occurred  in  characteristic  fashion,  with  moderately  low  water  levels . 
This  fact  indicates  that  in  the  break-up  process  the  most  important  factors  were  not  dynamic  (hy- 
draulic pressure) , but  thermal  (positive  anomalies  of  air  temperature) . It  is  clear  that  the  earlier 
the  break-up  of  rivers  occurs,  the  earlier  will  the  coastal  drainage  begin  to  exert  its  favorable 
Influence . 

Figure  192  shows  the  anomalies  of  air  temperature  over  the  Soviet  Arctic  seas  in  May  1943. 
As  may  be  seen  from  the  drawing,  all  the  seas  (except  for  the  northern  part  of  the  Barents  Sea) 
had  positive  anomalies  and  the  anomaly  exceeded  the  normal  by  6.6°  on  the  coast  of  Chuckchee  Sea. 

Figure  193  shows  the  anomalies  of  atmospheric  pressure  in  May  1943.  The  area  of  greatest 
negative  anomaly  (up  to  8 mb)  was  located  north  of  Severnaya  Zemlya.  This  caused  an  increase  in 
the  transfer  of  air  masses  from  west  to  east  in  the  region  west  of  the  New  Siberian  Islands  and  ar 
Increase  in  north  to  south  movement  of  air  masses  in  the  region  east  of  these  Islands. 

Figure  194  shows  in  mb  the  anomalies  of  atmospheric  turbulence.  It  may  be  seen  from  the 
drawing  that  in  May  1943  this  turbulence  was  extremely  high  in  all  the  seas  of  the  Soviet  Arctic. 
While  the  average  May  atmospheric  turbulence  fluctuates  within  the  limits  of  2.  7 to  4.  5 mb,  in  May 
1943  the  positive  anomaly  amounted  to  2.  5 mb  (Cape  Zhelania). 
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Atmospheric  turbulence  Is  characterized  by  variability  In  force  and  direction  of  wind.  In 
May  1943  increased  atmospheric  turbulence  and  Increased  air  temperatures  were  observed.  This 
conjunction  of  favorable  dynamic  and  thermal  factors  In  the  final  result  caused  the  favorable  condi- 
tions for  the  springtime  destruction  of  the  Ice. 

Finally,  In  table  119  there  are  listed  the  anomalies  of  air  temperatures  passing  through  -2° 
and  through  0°  on  the  coast  of  the  Arctic  Ocean.  These  data  are  extremely  approximate  but  they 
are  typical  in  the  respect  that  these  transits  took  place  everywhere  earlier  than  the  normal.  This 
refers  especially  to  the  Kara  and  Chuckchee  Seas . 

TABLE  119.  DEVIATIONS  FROM  AVERAGE  DATES  OF  TRANSIT 
OF  AIR  TEMPERATURE  THROUGH  -2°  AND  0°  C AT 
STATIONS  OF  THE  SOVIET  ARCTIC  - SPRING  1943 
(IN  DAYS) 


Station 

-2° 

0° 

Pt.  Zhelania 

6 

„ 

Yugorski  Shar 

13 

12 

Uedineniya  Island 

7 

24 

Dickson  Island 

15 

17 

Pt.  Chelyuskin 

8 

17 

Tiksi  Bay 

9 

3 

Pt.  Chalaurova 

4 

2 

Pt.  Shelagsldi 

13 

10 

Wrangel  Island 

15 

8 

Pt.  Schmitt 

15 

12 

Pt.  Uellen 

19 

25 

Kara  Sea 

10 

17 

Laptev  Sea 

6 

3 

Chukotsk  Sea 

16 

14 

Worthy  of  particular  attention  Is  the  fact  that  in  1943  all  the  anomalies  noted  were  favorable 
for  navigation,  that  they  extended  to  all  the  seas,  and  that  in  actuality  navigation  was  extremely 
easy  in  1943  along  the  entire  course  of  the  Northern  Sea  Route.  The  total  area  of  clear  water  at  the 
end  of  the  navigational  period  in  the  Kara,  Laptev,  East  Siberian  and  Chuckchee  Seas  amounted  to 
almost  2,  000, 000  square  km  which  Is  unprecedented  in  the  history  of  the  arctic.  The  ice  opposition 
of  the  Kara  and  Chukotsk  Seas  (which  was  mentioned  in  Section  156)  did  not  take  place  In  1943. 

LITERATURE;  27,  58,  62,  77. 

Section  162.  Warming  of  the  Arctic 

Along  with  the  fluctuations  in  Ice  abundance  in  each  individual  sea  from  year  to  year,  in  late 
years  a most  Interesting  phenomenon  has  been  observed— a warming  of  the  arctic,  as  evidenced 
by  a gradual  and  universal  decrease  in  Ice  abundance.  The  main  evidences  of  this  general  warming 
of  the  arctic  are: 

1 . Receding  of  glaciers  and  "melting  away"  of  Islands . According  to  the  testimony  of 
Uegener,  all  the  Greenland  glaciers  which  descend  into  Northeast  Bay  and  Disko  Bay,  have  been 
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receding  since  approximately  the  beginning  of  the  present  century.  In  particular  the  Jakobshavn 
glacier  receded  about  20  m during  the  period  1880  to  1902.  As  has  already  been  mentioned,  the 
glaciers  of  these  two  bays  produce  the  main  mass  of  the  Greenland  icebergs.  Receding  of  glaciers 
during  recent  years  has  likewise  been  observed  on  Spitzbergen,  Franz  Joseph  Land,  and  Novaya 
Zemlya. 

On  Franz  Joseph  Land  during  recent  years  several  islands  have  appeared  as  if  broken  in  two.  It 
turned  out  that  they  had  been  connected  up  to  that  time  by  ice  bridges. 

During  voyages  on  the  Perseus  in  1934  and  the  Sadko  in  1935,  I carefully  compared  the  de- 
scriptions of  glaciers  on  Jan  Mayen  and  Spitzbergen  in  some  English  sailing  directions  of  1911  with 
what  I observed  and  everywhere  I noted  a great  decrease  in  size  of  glaciers. 

Ahlman  explored  the  glaciers  of  Spitzbergen  in  1934  and  found  that  these  glaciers  are  now 
melting  faster  than  they  grow  on  account  of  fall  of  snow.  Ahlman  terms  the  rapid  receding  of  the 
Spitzbergen  glaciers  "catastrophic." 

Sumgln  informed  me  that  the  southern  boundary  of  permafrost  in  Siberia  is  everywhere  re- 
ceding northward.  In  1837  this  boundary,  for  example,  ran  somewhat  south  of  the  town  of  Mezen 
and  was  found  at  a depth  of  2 m.  In  1933  the  Academy  of  Sciences  Expedition  found  this  boundary  at 
the  village  of  Semzha  40  km  further  north. 

The  washing  away  of  the  Lyakhoskiye  Ostrova  and  the  disappearance  of  Vasilevski  Ostrov  in 
the  Laptev  Sea  belong  to  the  same  type  of  phenomena. 

2.  Rise  of  air  temperature.  Since  1920  the  average  temperature  of  the  winter  months  has 
steadily  increased  on  the  coasts  of  Baffin  Bay,  the  Greenland  Sea  ( Jacobshavn) , Spitzbergen,  Bear 
Island,  Barents  and  Kara  Seas.  Even  in  the  winter  of  1928-29,  when  there  was  bitter  cold  in 
Europe,  the  winter  temperature  on  Spitzbergen  and  Bear  Island  was  only  slightly  under  normal. 
Vize  points  out  that  at  Vardo  (northeast  Norway)  the  average  annual  air  temperature  starting  with 
1918  is  higher  than  the  average  for  the  century.  The  year  1926  represents  an  exception  with  tem- 
perature lower  than  normal  by  0.  2*. 

Starting  with  1930,  in  the  whole  arctic  sector  from  Greenland  to  Cape  Chelyuskin  there  has 
not  been  a single  anomaly  of  average  annual  and  monthly  winter  temperatures,  while  the  positive 
anomalies  have  been  very  high.  Thus,  for  example,  in  the  winter  of  1934-35  the  positive  anom- 
alies of  average  monthly  temperature  in  the  region  from  Dickson  Island  to  Cape  Chelyuskin  were 
from  4®  to  10®.  In  November  1935  the  positive  anomaly  on  Spitzbergen  amounted  to  10°.  * 

Vize  points  out  that  if  one  compares  the  average  air  temperatures  on  the  Pram  and  Sedov 
when  the  position  of  these  vessels  more  or  less  coincided  in  respect  to  coordinates  (average  lati- 
tude of  the  Pram  was  81“59'  north  longitude,  113°26'  east;  Sedov,  82°  48'  north,  121°30'  east)  and 
in  respect  to  season  (November  1893  to  August  1895  for  the  Pram;  November  1937  to  August  1939 
for  theSedou),  it  turns  out  that  the  average  annual  air  temperature  on  the  Sedov  was  4.  1°  higher 
than  on  the  Pram  . In  the  six  months  from  September  through  February  this  difference  even 
amounted  to  7.5°. 


‘The  deviation  of  average  air  temperatures  from  the  50  year  averages  exceeded  +4®  in 
January  to  March,  1921  to  1931. 
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3.  Rise  in  temperature  of  Atlantic  water  which  enters  the  Arctic  Basin.  This  rise  is  most 
clearly  seen  in  existent  systematic  observations  along  the  meridian  of  Kola  (33o30'  east).  Taking 
the  average  temperatures  of  this  section  at  depths  of  0 to  200  m from  69»30'  north  to  72»20’  north, 
and  dividing  existing  observations  into  two  periods,  cold  (1900  to  1906)  and  warm  (starting  with 
1921) , I have  obtained  a rise  of  average  temperatures  for  May  and  August  of  about  0.7°.  From  this 
it  follows  that  on  the  average  a colu  mi  of  water  of  the  Norwegian  current  1 square  cm  in  section 
and  200  m high  has  14,000  g-cal  more  heat  supply  at  the  present  time  than  at  the  start  of  the 
present  century. 

The  warming  of  Atlantic  water  In  the  arctic  is  likewise  seen  in  the  following  condition:  in  the 
regions  adjacent  to  Spitzbergen  and  Franz  Joseph  Land  there  has  recently  been  observed  a rise  of 
the  lower  boundary  of  the  cold  intermediate  water  layer  from  a depth  of  150  to  200  m,  as  observed 
at  the  start  of  the  present  century,  to  a depth  of  75  to  100  m in  the  present  peiiod. 

The  warming  of  Atlantic  water  is  still  more  sharply  seen  by  comparing  temperature  obser- 
vations at  the  deep  water  observation  stations  which  the  Fr  im  and  Sector  made  at  almost  the  same 
geographical  points.  Figure  195  shows  the  vertical  distribution  of  temperatures  at  two  of  such 
points  from  which  may  be  seen  the  extent  of  the  warming  of  Atlantic  water  during  the  past  40  years. 
At  none  of  the  observation  stations  of  the  From  in  the  Arctic  basin  did  the  temperatures  of  deep 
Atlantic  water  exceed  1.13°.  On  the  Sad  if  o in  1935  we  observed  a temperature  of  Atlantic  water  of 
2.68°,  while  according  to  observations  of  the  Sedov  in  1938,  temperatures  of  Atlantic  water  even 
in  regions  North  and  east  of  the  Fram  drift  (i.e. , where  it  should  have  colder)  were  up  to  1.8°. 


Table  120,  borrowed  from  Shokalski,  shows  the  average  yearly  temperatures  of  surface  water 
in  the  Florida  current  (in  the  region  bounded  by  25°  to  30°  north  and  79°  to  80°  west)  in  Yucatan 
Strait  (in  the  region  bounded  by  21°  to  23°  north  and  84°  to  87°  west)  and  in  the  Gulf  of  Mexico  (in 
the  region  bounded  by  21°  to  25°  north  and  90  to  94  west). 

From  the  table  it  may  be  seen  that  the  temperature  of  surface  water  and  of  Gulf  Stream  water 
has  steadily  risen  starting  with  the  first  decade  of  the  present  century. 


A rise  in  temperature  of  surface  water  has  likewise  been  noted  in  other  ocean  regions  which 
are  under  the  influence  of  the  Gulf  Stream  and  the  North  Atlantic  Drift,  as  may  be  seen  from  table 
121  (likewise  taken  from  Shokalski). 

4 Decrease  in  ice  abundance.  We  may  judge  about  the  decrease  in  ice  abundance  in  the 
Greenland  and  Barents  Seas  from  the  ice  maps  of  the  Danish  Meteorological  Institute.  According  to 
Karelin's  reckoning,  the  ice  area  in  the  Greenland  Sea  in  April  to  August  for  the  period  1921  to 
1938  is  15  to  20  per  cent  less  than  for  the  period  1898  to  1920.  From  my  calculations,  the  ice 
abundance  in  the  Barents  Sea  for  the  same  months  from  1920  to  1933  was  12  per  cent  less  than  foi 
the  period  1900  to  1919. 


It  must  be  remembered  that  the  ice  in  the  Barents  Sea  is  mainly  of  local  origin.  A decrease 
in  its  quantity  is  connected  with  a rise  of  temperature  and  speed  of  the  Norwegian  current. 

Vize  shows  that  the  southern  part  of  the  Kara  Sea  (south  of  the  parallel  of  Matochkin  Shar), 
from  the  year  1929  has  been  free  of  ice  in  September  of  every  year  while  for  the  period  1869  to  1928 
the  probability  of  finding  ice  in  this  part  of  the  sea  in  the  first  half  of  September  was  about  30  per 
cent . 
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Figure  195.  Vertical  distribution  of  temperatures  at  closely  situated 
observation  stations  of  the  Fr'im  and  Sedov. 


In  earlier  times  and  at  the  start  of  the  present  century,  polar  ice  often  approached  the  shores 
of  Iceland  and  there  interfered  with  fishing  and  navigation.  For  the  past  25  years  ice  has  not 
appeared  in  significant  quantities. 

The  Strait  of  Yugorski  Shar  froze  over  on  the  average  about  24  November  before  the  warming 
of  the  arctic.  The  average  date  of  final  freeze  over  from  1920  to  1937  was  25  January;  that  is, 

2 months  later. 
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TABLE  120.  AVERAGE  TEMPERATURE  OF  SURFACE  WATER 


Year 

Region 

1912  to  1918 

1919  to  1925 

1926  to  1933 

Temperature 

Rise 

Florida  Current 

25.  90“  C 

26.  11“  C 

26.33“  C 

0.43“  C 

Yucatan  Straits 

26.77 

26.71 

27.03 

0.26 

Gulf  of  Mexico 

25.24 

26.09 

25.88 

0.64 

TABLE  121.  AVERAGE  TEMPERATURES  OF  SURFACE  WATER 
IN  THE  ENGLISH  CHANNEL 


Years 

1903  to  1911 

1912  to  1919 

1920  to  1947 

Temperature 

Rise 

Temperatures 

11.7“ 

11.8“ 

12.1“ 

0.4“ 

The  decrease  in  Ice  abundance  has  been  felt  in  an  increase  in  amplitudes  of  tides  (which  are 
generally  dampened  by  the  ice  cover).  For  example,  Vize  shows  that  on  Franz  Joseph  Land  and  on 
Dickson  Island  the  amplitudes  of  the  tide  have  increased  by  20  per  cent  to  30  per  cent  during  the 
period  of  warming  of  the  arctic . 

5.  Increase  in  speed  of  drift  of  ice.  The  main  mass  of  ice  in  the  Greenland  Sea  is  carried 
there  from  the  Arctic  Basin.  The  decrease  in  its  quantity  is  likewise  connected  with  an  increase  in 
speed  and  rise  in  temperature  of  the  Norwegian  and  Spitzbergen  currents,  and  with  wind  action.  At 
first  glance  it  would  appear,  however,  that  a decrease  in  ice  abundance  in  the  Greenland  Sea  should 
indicate  a decrease  in  transfer  of  ice  into  the  Greenland  Sea  from  the  Arctic  Basin.  The  facts, 
however,  indicate  the  reverse.  During  recent  years  Soviet  sea  expeditions  have  thrown  out  numer- 
ous buoys  in  the  Greenland,  Barents  and  Kara  Seas  in  order  to  study  sea  currents  and  the  drift  of 
sea  ice.  Many  of  these  buoys  were  subsequently  found  on  the  shores  of  Greenland,  Iceland  and 
Norway,  and  it  turned  out  that  all  the  buoys  which  were  put  out  after  1933,  upon  calculation,  show 
speeds  of  current  and  drift  three  to  four  times  greater  than  before  1933.  The  drift  speed  of  the 
station  "North  Pole"  was  2.4  times  greater  than  had  been  expected.  The  Sedov  drift  began  and 
ended  considerably  further  south  than  the  From  drift  and  ran  further  north,  but  the  Fram  drift 
lasted  1, 055  days  while  the  Sedov  drift  lasted  only  812  days. 

The  decrease  in  ice  quantity  in  the  Greenland  Sea  along  with  the  increase  in  transfer  of  ice 
into  this  sea  from  the  Arctic  Basin  unquestionably  shows  a considerable  intensification  of  the  fac- 
tors which  determine  the  destruction  and  melting  of  ice  in  this  sea,  or  in  other  words,  an  intensifi- 
cation of  the  appropriate  action  of  atmosphere  and  ocean. 

6.  Change  in  cyclone  routes.  There  is  no  doubt  that  the  increase  in  air  temperatures,  in- 
crease in  Atlantic  water  temperatures,  intensification  of  ice  drift,  etc.  are  closely  connected  with 
an  intensification  of  atmospheric  circulation,  and  in  particular  with  a change  in  cyclonic  activity  in 
the  high  latitudes. 

Vize  shows  that  the  Atlantic  cyclones  are  now  shifting  considerably  north  (by  several  hundred 
km)  from  their  courses  in  the  period  before  the  warming  of  the  arctic.  This  is  felt  in  changes  in 
wind  conditions.  For  example,  in  Yugorski  Shar  before  1920  winds  of  easterly  components  (cold) 
prevailed,  while  after  1920  southwesterly  winds  (warm)  began  to  prevail. 
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7.  Biological  signs  of  warming  of  the  arctic.  It  is  known  that  during  the  past  years,  fish 
(of  fishing  industry  varieties)  have  ranged  further  and  further  to  the  north.  For  example,  starting 
with  1929  cod  in  large  quantities  have  appeared  along  the  shores  of  Spitzbergen  and  Novaya  Zemlya. 
In  connection  with  this,  the  fish  catch  is  increasing  in  the  northern  waters. 

Thus,  according  to  data  of  the  International  Council  for  the  Study  of  the  Sea,  the  catch  of  fish 
has  increased  in  the  Barents  Sea.  The  fishing  industry  has  likewise  grown  along  the  shores  of 
Greenland,  while  from  the  water  which  washes  Norway,  Bear  Island  and  Spitzbergen  in  recent  years 
there  has  been  taken  20  per  cent  of  all  the  fish  caught  by  north  and  northwest  Europe  in  the  Atlantic 
Ocean.  The  increase  in  catch  of  fish  has  occurred  mainly  as  a result  of  mastering  of  the  Bear 
Island  fishing  banks.  Thus,  during  recent  years  the  center  of  gravity  of  world  fishing  has  gradually 
shifted  into  the  Arctic  waters,  and  this  unquestionably  must  be  ascribed  in  considerable  degree  to 
the  warming  of  these  waters.* 

In  addition,  the  investigations  of  Knipovich  and  the  Oceanolographical  Institute  show  that  in 
connection  with  the  warming  of  the  Barents  Sea,  many  heat-loving  bottom  organisms,  in  particular 
certain  Echinodermata,  are  now  found  in  regions  where  these  organisms  were  not  found  by  the 
Northern  Scientific  Industrial  Expedition  which  worked  in  the  Barents  Sea  in  the  period  1900  to 
1906.  Basing  his  conclusions  on  these  facts,  Knipovich  says:  "In  a matter  of  fifteen  years  or  in  an 
even  shorter  time  interval  there  occurred  a change  in  distribution  of  specimens  of  sea  fauna  such  as 
is  usually  associated  with  long  geological  intervals. " 

8.  Ship  navigation.  A ship  passing  through  an  ice  region  is  not  always  an  indication  of 
greater  or  lesser  ice  abundance  of  that  region.  The  proper  choice  of  course  and  time  of  passage 
may  assure  the  success  of  the  operation  while  an  incorrect  choice  of  these  conditions  by  a ship  of 
the  same  type  may  create  the  impression  of  great  quantities  of  ice.  Thus,  for  example,  a vessel 
which  attempted  to  traverse  the  Northern  Sea  Route  at  any  cost  in  August  1936  would  have  gotten  the 
impression  that  the  route  was  completely  impassable  due  to  ice.  On  the  contrary,  a through  pas- 
sage of  the  Northern  Sea  Route  in  the  second  half  of  September  of  that  year  did  not  present  partic- 
ular difficulties.  In  addition,  it  is  very  difficult  to  compare  navigation  along  the  Northern  Sea  Route 
at  the  start  of  the  present  century,  for  example,  and  at  the  present  time,  because  the  Northern  Sea 
Route  is  now  much  better  equipped  technically.  The  widely  developed  net  of  radio  and  weather  sta- 
tions, ice  reconnaissance  by  ships  and  planes,  hydrographic  equipping  of  the  route,  new  naviga- 
tional maps,  and  finally,  accumulated  knowledge  and  experience  make  present-day  navigation  con- 
siderably easier.  We  may  nevertheless  point  out  a number  of  ship  voyages  which  could  hardly  have 
been  accomplished  in  the  preceding  cold  period.  Among  these  are:  our  voyage  on  the  sail- 
motorboat  Knipovich  around  Franz  Joseph  Land  in  1932,  the  rounding  of  Severnaya  Zemlya  by  the 
icebreaker  Sibiryakov  in  the  same  year,  through  passages  by  ordinary  steamships  of  the  whole 
Northern  Sea  Route  in  1935  (no  ice  being  found  on  the  route),  etc.  Further  we  know  that  starting 
with  1930  there  was  not  a single  year  when  it  would  have  been  impossible  to  round  Novaya  Zemlya 
from  the  north  even  in  a ship  which  was  entirely  unsuited  for  navigation  in  ice.  At  the  same  time  we 
know  that  the  icebreaker  Yermak  in  1901  attempted  to  round  Cape  Zhelania  from  the  west  and  was 
unsuccessful,  although  the  Yermak  spent  almost  a month  in  a struggle  with  the  ice  while  waiting  at 
the  northwest  shores  of  Novaya  Zemlya. 


♦Mackerel  formerly  were  not  found  north  of  Nordkapp,  yet  in  1937  was  caught  at  Matochkin 
Shar.  Dolphin  were  formerly  not  found  east  of  Kaninski  Peninsula,  but  were  seen  in  1933  east  of 
Taimyr. 
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We  may  also  recall  the  ship  Foka  of  the  Se do  v expedition  which  in  1912  could  not  reach 
Franz  Joseph  Land  and  was  forced  to  winter  along  the  northwest  shores  of  Novaya  Zemlya.  In  the 
same  year  the  ship  St.  Anna  of  the  Brusilov  expedition  was  caught  in  the  ice  along  the  shores  of 
Yamal  Peninsula  after  it  had  been  carried  there  by  the  ice  drift  towards  the  central  part  of  the 
Arctic  Ocean. 

We  could  cite  numerous  such  examples,  but  the  foregoing  are  sufficient  to  show  that  the  navi- 
gational conditions,  at  least  in  seas  such  as  the  Greenland,  Barents  and  Kara  which  have  been  more 
completely  studied  as  to  ice  conditions,  have  become  incomparably  easier  during  the  past  10  to  20 
years  than  in  previous  years. 

Due  to  insufficiency  of  observations,  the  question  of  warming  of  the  arctic  in  its  whole  broad 
connotation  has  been  propounded  only  very  recently,  namely  in  connection  with  preparation  for 
carrying  out  the  Second  International  Polar  Year,  when  I had  to  plan  the  sea  expedition  routes  in 
advance.  Certain  phenomena  connected  with  warming  of  the  arctic  had  been  noted  earlier.  For 
example,  Knipovich  was  the  first  to  turn  his  attention  to  the  high  temperatures  of  the  Barents  Sea 
in  1921.  This  warming  was  then  confirmed  in  1923  by  our  voyage  on  the  Perseus  to  Franz  Joseph 
Land  without  meeting  ice. 

Still  more  remarkable  is  the  fact  that  the  warming  of  the  arctic  is  not  confined  to  any  partic- 
ular region.  In  actuality,  the  same  signs  of  warming  of  the  atmosphere  and  hydrosphere  are  found 
in  the  Bering  Strait  in  the  Pacific  Ocean  as  in  the  western  sector  of  the  Soviet  Arctic. 

A warming  of  the  antarctic  is  evidently  also  going  on  simultaneously,  although  there  are  as 
yet  no  data  to  permit  reliable  judgement  concerning  this. 

On  the  background  of  general  warming  of  the  arctic  we  are  observing  warmer  years  and 
colder  years,  but  there  are  not  signs  as  yet  that  this  warming  is  terminating,  and  this  question,  in 
connection  with  a deeper  analysis  of  the  causes  of  the  warming,  is  one  of  the  most  interesting  prob- 
lems of  contemporary  oceanography. 

LITERATURE:  14,  33,  35,  58,  62,  70,  72,  77,  144. 
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CONCLUSION 


A multitude  of  factors  act  in  different  ways  on  hydrospheric  and  atmospheric  conditions.  In 
certain  years  and  periods  these  factors  may  coincide  in  their  direction  of  action  and  cause  striking 
deviations  from  the  average  climatic  and  oceanographic  conditions . Certain  of  these  factors  have 
been  noted  and  their  actions  studied.  Other  factors  have  likewise  been  noted,  but  their  meaning  has 
not  yet  been  properly  evaluated  due  to  insufficiency  of  data  and  too  short  time  range  of  observations. 
Finally,  as  more  detailed  examinations  are  made  and  disseminated  around  the  world,  more  and 
more  new  factors  appear. 

Along  with  the  continual  accumulation  of  factual  material  goes  a deeper  and  deeper  develop- 
ment of  theoretical  questions  which  permits,  on  the  one  hand,  a summing  up  of  the  results  of  ob- 
servations, and  on  the  other,  verifying  the  hypotheses  reached.  The  development  of  this  process 
will  be  hastened  if  it  is  realized  that  only  constant,  systematic,  multifold  observations  of  hydro- 
spheric  and  atmospheric  conditions,  made  simultaneously  at  many  points,  can  give  us  the  shortest 
road  and  the  cheapest  road  (in  the  final  result)  to  the  solution  of  the  important  theoretical  and 
practical  questions  concerning  the  causes  of  long-term  and  seasonal  fluctuations  in  ice  abundance  in 
the  various  seas  and  concerning  forecasting  of  such  conditions  in  advance. 

The  importance  of  ice  in  the  life  of  the  world  is  sufficiently  defined  by  the  fact  that  about  2 per 
cent  of  the  water  on  the  earth  is  in  solid  form.  Ice  has  particular  importance  for  life  in  the  ocean. 

During  the  great  periods  of  freezing,  the  accumulated  ice  broke  through  the  earth's  crust  with 
its  weight.  With  the  onset  of  the  warm  periods,  the  melting  of  ice  occurred  faster  than  the  return 
upheaval  of  the  land,  and  the  ocean  flooded  the  hollows  which  were  formed,  thus  creating  the 
epicontinental  seas. 

Present  day  ice  likewise  reacts  on  ocean  conditions  in  a most  substantial  manner.  Due  to  ice, 
the  shoreline  and  relief  of  bottom  near  the  shore  changes.  The  products  of  destruction  of  the 
shores,  not  only  in  the  form  of  fragmented  material  but  also  in  the  form  of  great  blocks  of  shore 
rock,  are  carried  by  ice  far  out  from  the  shores  and  fall  to  the  bottom  of  the  open  sea.  Ice  forma- 
tion and  melting  change  the  salinity  of  the  ocean.  Ice  creates  favorable  biological  conditions  in 
certain  regions,  unfavorable  in  others,  and  in  certain  regions  the  transfer  from  one  type  of  condi- 
tion to  the  other  is  seasonal  in  nature.  The  influence  of  ice  on  climate  is  very  great.  The  sea 
covered  by  ice  is  not  only  protected  from  deep  winter  cooling  but  is  also  isolated  from  summer 
heating. 

The  great  quantities  of  heat  given  off  in  the  process  of  ice  formation  mitigate  the  winter  air 
temperatures,  while  the  heat  absorbed  in  melting  lowers  the  summer  temperatures  of  the  corre- 
sponding ocean  regions.  The  constant  transfer  of  ice  from  the  polar  areas  into  the  lower  latitudes 
is  of  still  greater  climatic  significance.  The  quantity  of  ice  which  forms  and  melts  away  in  place, 
and  the  quantity  carried  out  of  the  polar  regions  changes  from  year  to  year  to  a considerable  degree, 
and  significant  changes  in  world  weather  are  connected  with  this. 

The  ice  in  the  sea  directly  reflects  on  the  practical  activity  of  man,  making  navigation  diffi- 
cult in  certain  regions.  Icebergs  carried  by  the  Labrador  current  into  the  Atlantic  Ocean  are,  in 
certain  years  and  months,  a constant  threat  to  sea  routes  of  communication  between  the  main  ports 
of  Europe  and  America. 


Ice  tn  the  sea  is  of  particular  interest  to  the  Soviet  Union.  Ice  is  a common  occurrence  in  all 
the  seas  of  the  Union.  The  Gilf  of  Finland  freezes  over  every  year.  In  the  coastal  part  of  the 
Black  Sea  ice  appears  almost  every  year.  The  Sea  of  Azov  freezes  over  solid  in  certain  years. 

The  northern  part  of  the  Caspian  Sea  freezes  over  every  year.  On  the  Soviet  shores  of  the  Pacific, 
down  to  the  most  southerly,  ice  likewise  is  found  every  year.  All  the  border  seas  of  the  Soviet 
sector  of  the  arctic  become  so  covered  with  ice  that  in  winter  and  early  summer  navigation  here  is 
impossible  for  even  the  strongest  Icebreakers  in  existence  today. 

Sea  ice  has  acquired  particular  importance  for  the  USSR  in  connection  with  the  discovery  of 
the  Northern  Sea  Route  and  in  connection  with  the  flights  from  Moscow  over  the  North  Pole  to 
America,  initiating  the  Northern  Air  Route.  Sea  ice  is  the  greatest  obstacle  in  mastering  the 
Northern  Sea  Route.  In  mastering  the  Northern  Air  Route  the  greatest  obstacles  are  the  meteoro- 
logical conditions  over  the  ice  fields  of  the  arctic;  these  conditions  are  strongly  dependent  on  the 
state  of  these  ice  fields.  Meanwhile,  our  knowledge  of  sea  ice  and  of  the  laws  which  regulate  its 
behavior,  its  movements  and  its  spread,  is  extremely  scanty,  although  it  is  increasing  every  year. 
To  assist  in  the  solution  of  the  problem  of  sea  ice  is  the  modest  but  basic  purpose  of  the  present 
book. 
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